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I .  INTRODUCTION 
A. Genetics of  Rhizobia 
Rhizobia are gram-negative bacteria  capable of  symbiosis  with 
legume plants .  Each genus of  Rhizobia specif ical ly recognizes the root  
cel ls  of  i ts  host  legume. The symbiosis  involves a complex series of  
events ,  a l l  of  which are not  understood at  this  t ime,  and occur such 
that  the bacteria  invade,  cause plant  cel l  division,  and aid in the 
formation of  a  root  nodule.  The nodule is  a s tructure direct ly 
at tached to a root  and contains Rhizobia in a morphological ly al tered,  
bacteroid form. I t  is  the bacteroids that  reduce atmospheric ni trogen 
to ammonia for  assimilat ion by the plant .  In return,  the plant  
supplies the bacteria  with nutr ients  and an ecological  niche.  
The abi l i ty to f ix ni trogen is  l imited to approximately 19 
bacterial  s trains,  of  which eight  of  these are Rhizobia.  The Rhizobia 
have been divided into two groups based on their  doubling t imes.  The 
slow-growing types include R^ japonicum, R.  lupini ,  and a  group termed 
'Cowpea'  species.  The doubling t imes vary great ly but  are general ly 
between 5 to 13 h (Denarie et  a l . ,  1981).  The fast-growing Rhizobia 
include ^  meli lot i ,  R.  1equminosarum, R^ phaseoli ,  and ^  tri  fol i i ;  
doubling t imes are between 2 and 4 h.  Recently,  new s trains of  
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fast-growing Rhizobium were discovered in the People 's  Republic of  
China.  These fast-growing s trains were found in root  nodules of  
Chinese soybean cul t ivars ,  and hence were termed fast-growing R. 
japonicum (Keyser e t  a l .  1982).  Other s low- and fast-growing Rhizobium 
strains have been identif ied and include R_^ lot i  and members of  the 
Rhizobium 'cowpea'  species (Brockwell ,  1980).  
Although the Rhizobia are gram-negative bacteria ,  the genetic  
methods used are general ly not  the same as  those for  col i .  the most  
well  characterized,  gram-negative bacterium. There are several  reasons 
for  this .  First ,  the propert ies  of  ni trogen f ixat ion and nodulat ion 
are not  readily scorable phenotypes,  l ike auxotrophic markers,  and 
must  therefore be tested in planta.  Mutagenesis  experiments for  
specif ic  mutants  of  these t rai ts  may require thousands of  plants  (Long 
e t  a l . ,  1982).  Slow-growing R.  japonicum may be tested in the 
free-l iving state for  ni trogen f ixat ion,  al though select ion of  mutants  
which do not  reduce atmospheric ni trogen s t i l l  requires examination of  
formitable numbers of  s ingle isolates.  Another problem encountered in 
the study of  Rhizobia genetics is  lack of  t ransduction,  
t ransformation,  and congugation methods which are so effect ive in 
other  systems,  such as  E.  col i .  Modificat ions of  exist ing methods,  
combined with recombinant  ONA technology,  has led to new advances in 
Rhizobia genetics.  Recently,  Mart in and Long (1984) developed a system 
of general ized transduction in R.  meli lot i .  This  is ,  however,  the 
f i rs t  and only such system reported in the Rhizobia.  Transformation 
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systems have general ly not  been developed (Denarie et  a l . ,  1981).  
Conjugation in Rhizobia,  involving the horizonal  t ransfer  of  plasmids 
between s trains,  has been effect ively used.  Examples exist  in nearly 
al l  s trains of Rhizobia in which plasmid-borne sequences are 
transferred to new genetic  backgrounds for  examination (Brewin et  a l . ,  
1980;  Hombrecher e t  a l . ,  1981;  and Johnston et  a l . ,  1978).  In these 
cases,  large endogenous plasmids,  harboring nodulat ion and ni trogen 
f ixat ion genes,  were t ransferred within and between Rhizobia species.  
A conjugation method effect ive in ^  coli  for  mapping large segments 
of  the chromosome using mobil izing plasmids,  are now working in 
various Rhizobia s trains.  For instance,  R-prime plasmids have been 
shown to mobil ize 100-200 Kb regions of  a  large plasmid in R.  meli lot i  
(Banfalvi  e t  a l . ,  1983).  The large DNA regions of  the R. meli lot i  
genome were moved into a recipient  ^  coli  s train where genetic  
manipulat ions were easier  to perform. 
Ancthern aspect  of  genetics in an early stage of  development in 
Rhizobia is  the abil i ty to direct ly clone DNA in a Rhizobium 
background.  Virtual ly al l  kinds of  DNA may be s tored and genetical ly 
al tered in E.  col i .  This is  due to the extensive knowledge of  the 
genetics of  E.  col i  and the developement of  s t rains with propert ies  
capable of  accepting foreign DNA. In the Rhizobia,  host  recombination 
and modificat ion systems are only beginning to be understood such that  
a cloning system could be established.  As s tated before,  
t ransformation systems are vir tual ly non-existent  in the Rhizobia and 
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must therefore be developed in order to clone and manipulate DNA. 
An important  feature common between al l  the Rhizobia is  the 
presence of  large plasmids.  This  turns out  to be an advantage as  genes 
coding for  symbiosis  are commonly located on the plasmids in most  of  
the s trains.  Such plasmids are termed Sym plasmids and are capable of  
conferr ing new host-range specif ici ty to other  Rhizobia species 
(Hombrecher e t  a l . ,  1981).  The plasmids found in the different  
Rhizobia species general ly range in s ize from 90 to 200 megadaltons 
and may be isolated by cesium chloride ethidium bromide bouyant  
densi ty centr ifugation (megadalton,  mdal . ;  1  mdal i s  equal  to  1.5 Kb).  
Conjugation of  plasmids in Rhizobia has defined Sym plasmids in 
various species:  R.  1eguminosarum (Hirsch et  a l . ,  1980),  R.  
1  equminosarum and R^ phaseoli  (Hombrecher e t  a l . ,  1981),  and R. 
meli lot i  (Banfalvi  e t  a l . ,  1981).  These methods are,  however,  very 
tedious and t ime consuming.  Plant  tests  are required and relat ively 
few s trains can be examined a t  any given t ime.  
The developement of  the Southern blot  and hybridizat ion 
techniques (Southern,  1975) has great ly advanced Rhizobia genetics.  
Radioactively labeled DNA probes,  containing specif ic  sequences such 
as  ni trogen f ixat ion genes,  have been effect ively used to search for  
homologous sequences bound to ni trocel lulose paper.  The locat ion of 
symbiotic  genes was rapidly determined by various groups using 
hybridizat ion to plasmid DNA separated by agarose gel  electrophoresis .  
In this  way,  Nuti  e t  a l . ,  (1979) showed the presence of  s tructural  nif  
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DH, genes on plasmids of  various fast-growing s trains.  Rosenberg et  
a l . ,  (1982) gave evidence support ing the locat ion of  nif  genes on a  
megaplasmid (greater  than 300 mdal)  in ^  meli lot i .  At the same t ime,  
Masterson et  a l . ,  (1982) showed nif  genes were located on the plasmids 
of  fast-growing japonicum while the slow-growing ^  japonicum 
harbor nif  genes on the chromosome or  megaplasmid.  The hybridizat ion 
results  in these studies were usually obtained within seven days and 
did not  require plant  tests .  
The source of  the structural  nif  DH genes used in the above 
s tudies was ei ther  K1 ebsi  e l l  a  pneumonia or  ^  meli lot i  (Ruvkun and 
Ausubel ,  1980).  The hybridizat ions are based on the observation that  
the structual  nif  DH genes are highly conserved in 19 of  19 ni trogen 
f ixing bacterial  s trains (Ruvkun and Ausubel ,  1980).  This  s trong 
amount of  conservation of  nif  t ranslated genes is  unusual  and perhaps 
unique among prokaryotic organisms.  Other gene sequences used as 
hybridizat ion probes are not  nearly as  conserved as the nif  s tructural  
genes.  Modulat ion genes cloned from R. meli lot i ,  using an elaborate 
complementat ion method,  have provided a molecular  probe for  
examination of  homologous sequences in other  Rhizobia (Long et  a l . ,  
1982).  Homology of  the cloned nod sequence from R_^ meli lot i  has been 
demonstrated,  to another fast-growing species,  with a known nod gene 
sequence in ^  tri  fol i i  (Schofield et  a l . ,  1983).  The same nod probe 
shows homology with plasmid DNA from fast-growing R_ japonicum under 
s tandard hybridizat ion condit ions.  Only under reduced str ingency 
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condit ions did DNA sequences from slow-growing R. japonicum show 
relatedness (Masterson et  a l . ,  manuscript  submitted for  publicat ion).  
An important  aspect  of  the genetics of  the Rhizobia is  physical  
and genetic  maps of  symbiotic  coding regions on the chromosome or  Sym 
plasmid.  While maps of  specif ic  nif  and nod regions have been 
presented,  few examples are available at  this  t ime in the Rhizobia of  
maps of  whole plasmids.  Prakash et  a l . ,  (1982) showed a restr ict ion 
map and locat ion of  nif  genes of  a 225 kb plasmid from R. 
lequminosarum. A 225 kb non-symbiotic  plasmid from ^  meli lot i  was 
mapped with restr ict ion enzymes by Banfalvi  e t  a l . ,  (1981).  The only 
other  study available at  this  t ime is  a physical  and genetic  map of  a  
135 kb region of  a  megaplasmid,  containing symbiotic  genes,  in R.  
meli lot i  (Kondorosi  e t  a l . ,  1984).  Physical  mapping by restr ict ion 
enzymes of  the large plasmids in Rhizobia present  a  number of  
diff icult ies .  Among these are problems in get t ing sufficient  
quanti t ies  of  plasmid DNA for  restr ict ion digest  analysis  and cloning.  
The recent  advent  of  cosmid cloning,  al lowing cloned inserts  up to 45 
kb,  are now being used in the Rhizobia as  shown in R. meli lot i  by Long 
e t  a l . ,  (1982).  
B.  Dissertat ion Format 
The format chosen for  this  dissertat ion is  the al ternate format.  
In this  sect ion,  a general  introduction to the genetics of  Rhizobia,  
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and specif ical ly R. japonicum, has been presented.  The fol lowing three 
sect ions concern related aspects  that  const i tute a majori ty of  the 
work done to sat isfy the requirements for  a  Ph.D. in this  department.  
The f i rs t  sect ion is  about  the locat ion of  nif  genes in slow- and 
fast-growing R. japonicum. The use of  the Southern blot  and 
hybridizat ion methods rapidly showed a dist inct  difference in the 
locat ion of  nif  genes in these s trains.  The table in the f i rs t  sect ion 
concerning the molecular  weights  of  the plasmids in the slow- and 
fast-growing R. japonicum was done by Paul  F.  Russel l ,  and may be 
found in Russel l  and Atherly (1981).  The next  sect ion addresses the 
relatedness of  the DMA sequences surrounding the symbiotic  genes and 
plasmid DNA in general .  Restr ict ion enzyme digests ,  usually with 
EcoRI,  of  total  or  plasmid DNA were used to determine the fragment(s)  
which had homology with various probes.  Plasmid DNA from a 
fast-growing R. japonicum strain was hybridized to EcoRI digested 
plasmid and total  DNA of  other  fast-growing s trains isolated from 
different  locat ions in the People 's  Republic of  China.  The same 
experiment was done with a  plasmid from a slow-growing R.  japonicum 
strain with plasmids and total  DNA from other  slow-growing s trains,  
also from diverse locat ions.  Also,  cross homology between the plasmids 
of  the slow- and fast-growing s trains was examined.  
The second sect ion also examines the hybridizat ion of  nif  and nod 
probes to EcoRI digested plasmid and total  DNA of  both slow- and 
fast-growing s trains.  Conservation of  s imilar  s ized restr ict ion 
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fragments which hybridized to the same probe was examined in these 
s trains.  R. K. Prakash subcloned a 3.5 kb nod fragment from a R. 
meli lot i  cosmid clone and this  was used in this  sect ion as a molecular  
probe.  
The third sect ion of  this  dissertat ion presents  evidence for  the 
physical  and genetic  map of  large regions of  the Sym plasmid 
pRjaPRC193.  This  plasmid is  from fast-growing s train PRC193 and is  
approximately 350 kb in s ize.  Both nod and nif  genes have been 
assigned to specif ic  locat ions on a large,  240 kb mapped region.  Over 
90% of  the plasmid has been mapped and involved the use of  a  variety 
of  techniques including cosmid cloning.  Southern hybridizat ions,  and a 
novel  technique.  Southern cross restr ict ion mapping.  The problems 
associated with mapping a large piece of  DNA are included in this  
sect ion.  
The last  sect ion is  a general  discussion of  the results  shown in 
this  dissertat ion.  The relatedness between the slow- and fast-growing 
s trains is  discussed with emphasis  on the common symbiosis  genes.  The 
s ignif icance of various features of  the physical  and genetic  map 
including large regions of  the Sym plasmid pRjaPRC193 is  also 
discussed.  
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II .  LOCATION OF NI F GENES 
IN RHIZOBIUM JAPONICUM 
A. Introduction 
The symbiotic  bacterium Rhizobium japonicum inhabits  and f ixes 
atmospheric ni trogen in the root  nodules of  soybeans.  Rhizobium 
species include fast-  and slow-growing types,  of  which R.  japonicum is  
a slow-growing species with a doubling t ime of  6 to 13 h.  Recently,  
however,  fast-growing R. japonicum strains (doubling t imes of  4 to 5 
h)  from the People 's  Republic of  China have been examined.  These 
s trains physiological ly resemble fast-growing Rhizobium species and 
yet  s t i l l  nodulate soybean plants  (Keyser e t  a l . ,  1982).  Furthermore,  
Keyser e t  a l .  (1982) found that  fast-growing R. japonicum form 
symbiotic  relat ionships with the soybean cult ivar  Peking but  are 
general ly ineffect ive with common North American soybean cult ivars .  
A common feature of  both fast-  and slow-growing ^  japonicum, as  
well  as  other  Rhizobium species,  is  the presence of  large plasmids 
(Casse et  a l . ,  1979;  Denarie e t  a l . ,  1981;  Gross e t  a l . ,  1979;  Hirsch 
et  a l- ,  1980;  Nuti  e t  a l . ,  1977;  Russel l  and Atherly,  1981).  These 
plasmids range in s ize from 90 Mdal (megadaltons)  to well  over 300 
Mdal.  Plasmids larger  than 300 Mdal are termed megaplasmids and have 
been identif ied in different  Rhizobium species (Denarie et  a l . ,  1981;  
Rosenberg e t  a l . ,  1982).  The slow-growing R. japonicum strains 
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examined in this  study usually contained one large plasraid ranging 
between 118 and 196 Mdal.  The fast-growing s trains contained 1-3 
plasmids ranging from 54 to 240 Mdal.  Therefore,  large plasmids are a 
consistent  feature in both slow- and fast-growing R. japonicum. 
The s tructural  ni trogen f ixat ion genes are highly conserved in 
al l  ni trogen f ixing bacteria  which is  a unique phenomenon in that  most  
t ranslated genes in bacteria  are not  highly conserved (Ruvkun and 
Ausubel ,  1980).  The s tructural  nif  genes of  Klebsiel la  pneumonia,  
cloned by Cannon et  a l . ,  (1979),  were used by Ruvkun and Ausubel  
(1980) to determine the conservation of  nif  genes in ni trogen f ixing 
organisms.  Genes responsible for  ni trogen f ixat ion have been found,  
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using pneumonia or  ^  meli lot i  s tructural  nif  genes as  P-labeled 
probes,  on ei ther  plasmids ( including megaplasmids)  or  the chromosome 
of  the various Rhizobium species (Hirsch et  a l . ,  1980;  Hombrecher e t  
a l . ,  1981;  Nuti  e t  a l . ,  1979;  Prakash et  a l . ,  1981;  Rosenberg et  a l . ,  
1982).  Therefore,  a  s trong advantage exists  in using cloned s tructural  
ni trogen f ixat ion genes (nifDH) as  a hybridizat ion probe in order to 
identify nif  genes in ^  japonicum. This paper reports  the locat ion of  
s tructural  nif  genes in relat ionship to the large plasmids present  in 
fast-  and slow-growing R^ japonicum. 
B.  Materials  and Methods 
1 .  Bacterial  s trains and media 
R.  japonicum strains were obtained from the fol lowing sources:  
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51A75, W. Bri l l  (Universi ty of  Wisconsin,  Madison,  WI);  3Ilb31,  E.  
Schmidt  (Universi ty of  Minnesota,  St .  Paul ,  MN).  All  other  R.  
japonicum strains l is ted in Table 1  were obtained from the USDA, 
Beltsvi l le ,  MD. D.  Berryhil l  (North Dakota State Universi ty,  Fargo,  
ND) provided R. phaseoli  s t rain DBl and R.  meli lot i  s trains 102F28 and 
102F51.  A. tumefaciens s train A277 was provided by M. D. Chil ton 
(Washington Universi ty,  St .  Louis,  MO).  E.  col i  s train HBlOl,  
containing plasmid pRmR2 (pACYC184 and nifPH),  was obtained from G. 
Ruvkun and F.  Ausubel  (Harvard Universi ty,  Cambridge,  MA).  
Rhizobium and Aqrobacterium cel ls  were grown in TY medium 
(Berenger,  1974) which contained per l i ter :  5 g Bacto-tryptone 
(Difco);  3 g yeast  extract ;  0.93 g CaCl*2H20. E.  col i  were grown in 
standard LB medium which contained per l i ter :  10 g Bacto-Tryptone 
(Difco);  10.0 g NaCl;  and 5 g yeast  extract .  
2.  Plasmid isolat ions and gel  electrophoresis  
The plasmid isolat ion techniques of  Casse et  a l .  (1979) and 
Hirsch et  a l .  (1980) were used in the isolat ion of large plasmids from 
Rhizobium, Aqrobacterium, and ^  coli .  The specif ic  detai ls  of  these 
isolat ion procedures are described in Section II .  A s ignif icant  aid in 
the extract ion of intact ,  covalently closed circular  DNA from 
slow-growing R. japonicum was the addit ion of  a  wash s tep prior  to 
cel l  lysis .  This consisted of  resuspending cel ls  in 3 % NaCl for  as 
long as one hour as  suggested by Russel l  and Atherly (1981).  Plasmid 
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DNA was resuspended in low TE (10 mM Tris ,  pH 8 .0;  1  mM EDTA) and kept  
a t  4° C unti l  needed for  agarose gel  electrophoresis .  CsCl-ethidium 
bromide gradients  were not  necessary for  the separat ion of  the large 
plasmids from Rhizobium and Agrobacterium, but  were required in the 
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extract ion of  pure pRmR2 used in the P-labeling react ion.  A t racking 
dye consist ing of  0.25% bromophenol blue,  0.25% xylene cyanol ,  and 40% 
(w/v) sucrose in HgO was di luted six-fold with approximately 1  ug of  
plasmid DNA in 100 ul  of  low TE. Plast ic  pipet te  t ips (Denvil le)  were 
cut  off  a t  the t ip to produce a larger  bore s ize in order to reduce 
shear forces on the plasmid DNA when applied to agarose gels .  
A vert ical  gel  apparatus was used in the separat ion of  large 
plasmids.  The apparatus contained 0.7% agarose (Seakan) prepared in 
TBE buffer  (0.09 M Tris ,  pH 8 .3;  0.09 M boric acid;  and 2.5 mM EDTA).  
The agarose gel ,  approximately 130 x 130 x 3 mm and consist ing of  ten 
possible s lots  for  DNA, was suspended in TBE buffer  prior  to the 
loading of  DNA samples.  Each sample was careful ly layered in the 
individual  s lots  (also referred to as lanes)  and electrophoresis  was 
conducted at  100 V for  5 h a t  5 to 8° C. After  this  t ime,  the gel  
apparatus was careful ly taken apart  and the agarose gel  was s tained in 
water  containing 1 ug/ml ethidium bromide for  approximately 15 
minutes.  The gels  were routinely photographed using a Polaroid MP4 
apparatus with Polaroid 665 f i lm. A Wratten 23 and a  gelat in f i l ter  
(Kodak) were used to optimize the photographic condit ions.  Gels  
sui table for  Southern blot t ing were i rradiated with short-wave UV 
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l ight  for  15 minutes to produce nicks in the large plasraids such that  
eff icient  t ransfer  to ni trocellulose would occur.  
3 .  Southern blots  and labeling react ions 
The hybridizat ion procedure of  Southern (1975),  modified by 
Haugland and Verma (1981),  was used in the t ransfer ,  hybridizat ion,  
and autoradiography of the plasraids l is ted in Table 1 .  Nitrocellulose 
f i l ters  (Mill ipore)  were cut  to the same s ize as the agarose gel  and 
20X SSC (IX SSC: 0.15 M NaCl;  0.015 M Na-ci trate)  was used,  with paper 
towels as  wicks,  in the Southern t ransfer  process.  Ten ml of  
hybridizat ion solut ion (5X SSC; 1% sarkosyl;  0.5 mg denatured salmon 
sperm DMA; and 5% dextran sulfate,  in water)  were added to a plast ic  
pouch containing the ni trocellulose f i l ter  and sealed by heat .  The bag 
was placed in a shaking water  bath set  at  65° C overnight .  
Approximately one ug of  CsCl-gradient-purif ied pRmR2 was Tabled 
with alpha ^^P-dCTP to a specif ic  act ivi ty of  1  X 10^ to 1  X 10^ 
cpm/ug according to the procedure of  Rigby e t  a l .  (1977) using a nick 
t ranslat ion ki t  (New England Nuclear) .  Labled plasmid DNA was 
separated from unincorporated nucleotides by column chromatography 
using Sephadex G 50-80 (Pharmacia)  in low TE with a  s ter i le ,  
s i l iconized,  5 ml glass pipet te .  The radioactive unincorporated 
nucleotides s if ted slowly through the bead matrix while the plasmid 
DNA, too large for  the beads,  passed relat ively rapidly aroud the 
beads.  A hand held Geiger counter  (Lionel)  was used to monitor  the 
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progress of  the Tabled plasmid DNA through the Sephadex and 0.4 to 0.6 
ml was routinely collected.  The labled plasmid DNA was denatured,  
added to one ml of  hybridizat ion solut ion,  and added to the 
hybridizat ion bag containing the f i l ter  which had pre-hybridized 
overnight .  The hybridizat ion was resumed at  55° C for  36 to 40 hours 
in a shaking water  bath.  At this  t ime,  the hybridizat ion solut ion was 
careful ly ranoved and discarded.  Labled plasmid DNA which did not  
hybridize was removed by adding a wash solut ion (2X SSC; 0.1% sodium 
dodecyl  sulfate)  and placed at  65° C while shaking for  20 minutes.  
This  s tep was repeated once and the f i l ters  were washed a t  room 
temperature with the wash solut ion unti l  the background counts 
decreased s ignif icantly.  This usually required 4 to 5 changes of  the 
wash solut ion over a 2 hour period.  The hybridizat ion f i l ter  was then 
wrapped in plast ic ,  covered with a sheet  of  X-ray f i lm (Kodak),  and 
placed in the dark overnight .  If  further  exposure was necessary,  an 
intensifying screen (Dupont)  was used and the exposure was repeated.  
Colony hybridizat ions were performed essential ly as described by 
Grunstein and Hogness (1975) using 85 mm c ircular  ni trocel lulose 
membranes (Mill ipore) .  Different  bacterial  colonies were spread over 2 
to  4 mm areas on the hybridizat ion f i l ters .  The f i l ters  were placed on 
paper towels soaked with denaturat ion solut ion (0.5 M NaOH; 1 .5 M 
NaCl)  for  10 minutes and then were t ransferred to paper towels soaked 
with renaturat ion solut ion (0.5 M Tris ,  pH 8 .0;  1.5 M NaCl )  and 
al lowed to stand for  15 minutes.  Each f i l ter  was placed in a suct ion 
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apparatus and r insed once with chloroform and three t imes with 95% 
ethanol .  A vacuum oven,  preset  a t  80® C,  was used in order to adhere 
s ingle-stranded DNA to the f i l ters .  The f i l ters  were placed in the 
oven and al lowed to bake over a  two hour period.  Hybridizat ion 
condit ions were the same as previously described for  the Southern 
hybridizat ion blots .  
C.  Results  and Discussion 
1.  Mitogen f ixat ion genes in R. japonicum 
The s tructural  nifKDH genes and part  of  the nifE gene have been 
cloned from Klebsiel la  pneumoniae result ing in the recombinant  plasmid 
pSA30 (Cannon et  a l . ,  1979).  The nifp and nifH genes code for  a 
subunit  of  ni trogenase and ni trogenase reductase,  respectively,  and 
show a high amount of  homology when hybridized to al l  other  ni trogen 
f ixing prokaryotes (Ruvkun and Ausubel ,  1980).  The recombinant  plasmid 
pSA30 was used by Ruvkun and Ausubel  (1980) in order to clone the 
structural  ni trogen f ixat ion genes from R. meli lot i .  This  resulted in 
the recombinant  plasmid pRmR2 which contains a  3.9 Kb EcoRI fragment 
containing nifPH. Although the amount of  ni trogen f ixat ion (nif)  
relatedness between the ni trogen f ixing prokaryotes is  remarkably 
high,  the use of  nif  genes from a Rhizobium species seemed to be a  
bet ter  choice in terms of  use as  a hybridizat ion probe to the DNA of  
32 R. japonicum. For this  reason,  pRmR2 was labeled with P-dCTP by the 
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nick t ranslat ion procedure (Rigby e t  al .  1977) and was subsequently 
hybridized with the DNA of  ^  japonicum in order to determine the 
locat ion of  the s tructural  nif  genes.  
Two different  types of  hybridizat ions were performed in order to 
confirm the locat ion.  First ,  the Southern hybridizat ion procedure 
(Southern,  1975) was used in the t ransfer  of  separated plasmids to 
ni trocel lulose so that  a  determination of  whether or  not  nif  genes 
were on the large plasmids could be made.  Second,  colony 
hybridizat ions (Grunstein and Hogness,  1975) were performed for  the 
determination of  nif  hybridizat ion with the total  DNA of  the slow- and 
fast-growing ^  japonicum. The colony hybridizat ions were used as  a 
rapid assay in that  2 to 4 mm spreads of  bacterial  cel ls  on 
ni trocel lulose were suff icient  for  the detect ion of  nif  genes.  This  
method circumvented the isolat ion and purif icat ion of  total  DNA 
sui table for  hybridizat ions from each individual  s t rain.  Each 
hybridizat ion procedure used the same hybridizat ion condit ions 
described by Haugland and Verma (1981).  The pRmR2 plasmid DNA was 
labeled in exactly the same manner each t ime (Rigby et  a l . ,  1977) and 
approximately the same amount of  labeled probe was used in each 
hybridizat ion assay.  
The results  of  the Southern hybridizat ion to the separated large 
plasmids of  the Rhizobium strains examined are shown in Figure 1 .  The 
s ize of  the plasmids in Mdal range from 54 to 300 as  reported by 
Russel l  and Atherly (1981).  Determinations of  plasmid molecular  
Figure 1.  Hybridizat ion of  P-labeled R. meli lot i  nif  DNA to plasmids l is ted in Table 1  
Numbers 1-12 (unprimed) are ethidium bromide s tained plasmids separarated by agarose 
gel  electrophoresis .  Primed numbers are audioradiograph results  of  the 
hybridizat ion.  Lane 1 ,  ^  tumefaciens A277; lane 2,  meli lot i  102F28; lane 3,  ^  
meli lot i  102F51; lane 4,  phaseoli  DBl;  lane 5,  ^  japonicum PRC194; lane 6» ^  
japonicum PRC201; lane 7,  R.  japonicum PRC205; lane 8,  R. . japonicum PRC206; lane 9,  
R.  japonicum 61A76; lane 10,  R.  japonicum AA102; lane 11.  R.  japonicum PRC193; and 
lane 12,  R.  japonicum PRC191.  
10 10' 11 11' 12 12' 
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weights  were done by plot t ing the relat ive migrat ion of  the plasmid 
DMA through an agarose gel  versus the log of a  molecular  weight  
s tandard.  ^  tumefaciens s train A277 was used by Russel l  and Atherly 
(1981) as  the molecular  weight  s tandard.  The plasmid isolat ion 
procedures of  Hirsch et  a l .  (1980) and Casse et  a l .  (1979) were used 
in the isolat ion of plasmids in this  study.  Plasmids larger  than 300 
Mdal were not  detected using these part icular  plasmid extract ion and 
electrophoresis  condit ions.  Lanes 1  to 8,  as well  as  11 and 12,  
contain plasmid DNA isolated from ^  tumefaciens and fast-growing 
Rhizobium strains.  In lanes 9 and 10,  plasmid DNA from two 
slow-growing R. japonicum are represented.  Next to  each individual  
lane is  the Southern hybridizat ion result ;  numbers which are primed in 
Figure 1  are represented with the symbol (*)  as  a superscript  in this  
text .  For example,  in  lane 1  the plasmid DNA, separated by agarose gel  
electrophoresis  and s tained with ethidium bromide,  isolated from A. 
tumefaciens s train A277 is  shown as two horizontal  migrat ing bands.  
The result ing autoradiogram in lane 1* indicated that  no hybridizat ion 
with 22P-labeled nif  genes took place with the plasmids of  A. 
tumefaciens s train A277.  The lack of hybridizat ion was expected as  A. 
tumefaciens does not  contain ni trogen f ixat ion genes.  The use of  A. 
tumefaciens s train A277 is  therefore a sui table negative control  for  
the hybridizat ion assays and also serves as a molecular  weight  
s tandard for  the plasmids of  the Rhizobium strains.  
An examination of  the fast-growing Rhizobium in Table 1 shows 
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Table 1 .  Propert ies  of  large plasmids 
Strain of  origin Plasmid(s)  Mwt.in Hybrid.  
Mdal* to nif  
R.  japonicum (slow-
growing type) 
61A75 pRja61A76 178 +4 -
AA102 pRjaAA102 138 +6 -
3Ilb31 pRja3Ilb31 150 +11 -
3Ilb71a pRja3Ilb71a 164 +2 -
3Ilb74 pRja3Ilb74 195 +6 -
3Ilb94 pRja3Ilb94a 58 +9 -
pRja3Ilb94b 118 +6 -
3Ilbl lO (none) N. D.  
3Ilbl43 pRja3Ilbl43 159 +6 -
R. japonicum (fast-
growing type) 
PRC191 pPRC191a 59 -
pPRC191b 195 + 
PRC193 pPRC193 186 + 
PRC194 pPRC194a 76 +13 -
PPRC194b 145 +5 -
PRC201 pPRC201a 117 +4 -
pPRC201b 192 +25 + 
PRC205 pPRC205a 57 +15 -
pPRC205b 112 +3 + 
pPRC205c 192 +25 -
PRC205 pPRC206a 54 +12 -
pPRC206b 60 +8 -
pPRC206c 197 +27 + 
R. meli lot i  
102F28 pRmel02F28a 73 +4 -
pRmel02F28b 118 +3 -
102F51 pRmel02F51 93 +3 + 
R. phasedi  
DBl pRphDBla 166 -
pRphDBlb 248 + 
A. tumefaciens 
A277 pTi 119 +3 -
Cryptic 300 
^Molecular  weights  by Russel l  and Atherly (1981).  
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that  s tructural  nif  genes are mostly located on one of  the large 
plasmids in each s train.  R. meli lot i  s t rain 102F28 ( lane 2) contains 
two plasmids with molecular  weights  of  73 and 118 Mdal.  The 
hybridizat ion result  ( lane 2*) indicated that  nei ther  of  these 
plasmids contain nif  genes on the endogenous plasmids.  However,  R.  
meli lot i  s train 102F51 ( lane 3)  does contain nif  genes on a  93 Mdal 
plasmid as  can be seen in the autoradiogram in lane 3*.  R.  phaseoli  
s t rain DBl harbors i ts  nif  genes on the 248 Mdal plasmid ( lanes 4 and 
4*).  Of a l l  the large plasmids examined in this  study,  pRphDBlb 
represents  the largest  plasmid which contains nif  genes.  Structural  
nif  genes are apparently found on plasmids as  large or  larger  in other  
R.  phaseoli  s t rains (D. Berryhil l ,  Dept .  of  Microbiology,  North Dakota 
State Universi ty) .  
The fast-growing R^ japonicum contain nif  genes on plasmids 
ranging in s ize from 112 to 197 Mdal and one s train harbors the nif  
genes on the chromosome or  a megaplasmid.  Strain PRC194 does not  
contain nif  genes on ei ther  the 75 or  145 Mdal plasmid ( lanes 5 and 
5*).  In this  part icular  s train,  the nif  genes reside on a  megaplasmid 
(not  isolated by this  procedure)  or  the chromosome. Nif  genes are 
located on the large plasmid in s train PRC201 ( lane 5 and 5*),  s train 
PRC206 ( lanes 8 and 8*),  s train PRC193 ( lanes 11 and 11*),  and s train 
PRC191 ( lanes 12 and 12*).  The s ize of  these large plasmids is  fair ly 
constant  and ranges from 186 in s train PRC193 to 197 Mdal in  s train 
PRC206.  The. locat ion of  nif  genes on the 112 Mdal plasmid in s train 
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PRC205 is  rather  surprising ( lanes 7 and 7*).  This  s train contains a  
192 Mdal plasmid which is  in the same s ize range as the large plasmids 
in the other  fast-growing ^  japonicum which did contain nif  genes.  
Since this  plasmid did not  hybridize with the nif  probe,  i t  is  
apparent  a  plasmid of  this  s ize can reside in the fast-growing s trains 
without  s tructural  nif  genes.  
The slow-growing ^  japonicum strains do not  contain nif  genes on 
endogenous plasmids.  Eight  s trains were examined for  plasmids 
containing nif  genes and negative results  were obtained in each case.  
The results  of  nif  hybridizat ion to s trains 51A76 and AA102 are shown 
in Figure 1 .  Neither  the 178 Mdal plasmid pRja61A76 of  s train 51A76 
( lanes 9 and 9*) or  the 138 Mdal plasmid pRjaAA102 of  s train AA102 
( lanes 10 and 10*) show any hybridizat ion to structural  nif  genes.  In 
order to confirm the val idi ty of  the Southern hybridizat ion assays,  
colony hybridizat ions were performed with the total  DNA of  a l l  the 
s trains in Table 1 .  The total  DNA is  simply a lysate of  the bacterial  
cel ls  on the ni trocellulose f i l ters  used in the colony hybridizat ion 
assays.  I t  contains al l  plasmid,  megaplasmid ( i f  present) ,  and 
chromosomal DNA. The slow-growing R. japonicum strains showed posi t ive 
hybridizat ion with the pRmR2 probe which indicated the expected 
relatedness with the nif  genes of  ^  meli lot i .  An addit ional  
slow-growing R. japonicum strain,  3Ilbl lO,  which does not  contain a 
readily isolatable plasmid,  showed posi t ive hybridizat ion.  A posi t ive 
hybridizat ion signal  was also obtained with the fast-growing ^  
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japonicum strain PRC194 which contains two plasmids that  did not  
hybridize by the Southern procedure.  R.  meli lot i  s t rain 102F28,  which 
also did not  hybridize with the nif  probe to i ts  two endogenous 
plasmids,  showed a posi t ive signal  with the nif  probe.  The negative 
control  in the colony hybridizat ions was the total  DNA of  A. 
tumefaciens;  as  expected,  no hybridizat ion took place.  A possibi l i ty 
existed,  however,  that  the posi t ive hybridizat ion was due to the 
vector  of  pRmR2. The vector  is  pACYC184 (Chang and Cohen,  1978) and is  
commonly used as  a cloning vector  due to i ts  small  s ize of  4.2 Kb and 
l imited restr ict ion s i tes .  A control  hybridizat ion using pure pACYC184 
was performed with an identical  set  of  colony hybridizat ion f i l ters  
containing total  DNA of  al l  the s trains l is ted in Table 1 .  Included in 
the hybridizat ion as a posi t ive control  was pure pRmR2 on each 
ni trocel lulose f i l ter .  The only posi t ive hybridizat ion occurred with 
pRmR2 which contained pACYC184 as  a vector .  This  result  confirmed the 
expected hybridizat ion to the Rhizobium strains with the nif  probe.  
The nif  hybridizat ion results  with the slow-growing ^  japonicum 
agree with that  reported by Haugland and Verma (1981) for  two s trains 
common to both s tudies.  Strains 51A76 and 3Ilbl lO contained nif  genes 
on a  megaplasmid or  the chromosome, and an endogenous plasmid up to 
300 Mdal could not  be found in s train Sllbl lO,  which is  the same as  
that  found in this  study.  Jouanin et  a l .  (1981) did not  f ind 
hybridizat ion of  pSA30, containing the structural  nif  genes from K. 
pneumoniae,  with the 93 Kb plasmid from ^  meli lot i  s train 102F51.  
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This result  is  in confl ict  with the data in this  study concerning the 
hybridizat ion of  nif  to the plasmid from R. meli lot i  102F51 as  shown 
in lanes 3 and 3 of  Figure 1 .  The s trength of  the hybridizat ion 
signal  indicated a s ignif icant  amount of  homology exists .  This  is  
expected in that  the nif  probe originated from ^  meli lot i  as  
described by Ruvkun and Ausubel  (1980).  
2 .  Plasmids in other  Rhizobia species 
An interest ing phenomenon in both Rhizobium and Agrobacterium 
species is  the predominance of  large plasmids.  Nuti  e t  a l .  (1977) 
reported renaturat ion kinet ic  data of  plasmids ranging from 70 to 400 
Mdal in  various slow- and fast-growing R. japonicum strains.  Effect ive 
and ineffect ive s trains were compared in R^ lequminosarum and R.  
t r i  fol i  i  of  which plasmid DNA was found in each type of  s train.  
Although a direct  correlat ion could not  be made based on this  ini t ial  
s tudy,  Nuti  e t  a l .  (1977) suggested the role of  plasmid DNA in the 
symbiosis  process.  The large size of  the plasmids in Rhizobium and the 
differences in cel l  wall  composit ion s ignif icantly inhibi ted the 
isolat ion of  the plasmids by methods developed for  E.  col i  plasmids.  
Therefore,  major modificat ions were introduced such that  the large 
plasmids could be isolated from Rhizobium species.  Plasmid isolat ion 
methods described by Currier  and Nester  (1976),  Casse e t  a l .  (1979),  
and Hirsch et  al .  (1980) for  use in Agrobacterium and Rhizobium 
great ly increased the yield of  the large,  fragile  plasmids from these 
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species.  However,  much diff iculty has been reported in the isolat ion 
of  large plasraids from slow-growing R.  japonicutn relat ive to the 
fast-growing strains of  Rhizobiutn (Gross et  a l . ,  1979;  Hadley et  a l . ,  
1983;  Russel l  and Atherly,  1981).  The plasmid isolat ion procedure 
described by Gross e t  a l .  (1979) could not  be repeated by the authors 
(A. Vidaver,  Dept .  of  Microbiology,  Univ.  of  Nebraska,  personal  
communication).  Russel l  and Atherly (1981) were successful  in the 
isolat ion of large plasmids from slow-growing R.  japonicum using the 
method of  Casse e t  a l .  (1979) and i t  was suggested a wash with 3% 
NaCl was responsible.  As la te  as 1983 reports  in the l i terature 
expressed diff iculty in the isolat ion of plasmids from slow-growing 
s trains (Hadley e t  a l . ,  1983).  The plasmid isolat ion methods used in 
this  study with the fast-  and slow-growing s trains are described and 
discussed in detai l  in Section III .  
Casse et  a l .  (1979) demonstrated the presence of  large plasmids 
in R. meli lot i  by using agarose gel  electrophoresis  (Meyers e t  al .» 
1976) in order to separate the large plasmids from chromosomal DNA. A 
s ignif icant  advantage existed in this  type of  plasmid DNA 
determination in that  Southern hybridizat ions could be performed with 
any DNA separated by agarose gel  electrophoresis  (Southern,  1975).  The 
plasmid DNA of  the Rhizobium could be probed for  relatedness and the 
locat ion of specif ic  gene sequences.  Therefore,  the work of  Nuti  e t  
a l .  (1977) was s ignif icant  in determining the s ize of the large 
plasmids which could not  be isolated by s tandard methods a t  that  t ime.  
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But the agarose gel  electrophoresis  method of  plasmid analysis  by 
Casse et  a l .  (1979) has had much more potential  for  genetic  analysis  
and has been the method of  choice in the study of plasmids from 
vir tual ly al l  s trains examined.  
Molecular  weight  determinations of  the large plasmids in R.  
meli lot i  were reported by Casse et  a l .  (1979) and their  s ize ranged 
from 90 to 200 Mdal.  At least  one large plasmid was present  in 22 of  
25 effect ive strains examined.  Other Rhizobium species including R. 
1equminosarum and t r i  fol i  i  a lso contained plasmids which were 
isolated by gel  e lectrophoresis .  Contour length measurements made with 
electron microscope preparat ions of  pure plasmid DMA from R. meli lot i  
s t rain L5-30 est imated the single plasmid in this  s train to be 91 +2 
Mdal.  The gel  electrophoresis  results  indicated a s ize of  89 +3.  The 
use of  gel  electrophoresis  by Casse et  a l .  (1979) instead of  contour 
length measurements was therefore an accurate and easier  plasmid 
molecular  weight  determinations.  However,  the molecular  weights  of  
plasmids greater  than 140 Mdal were underest imated using gel  
electrophoresis  when compared to contour length measurements.  Casse et  
a l .  (1979) suggested the use of  large plasmids with known molecular  
weights ,  determined by the contour length method,  as  molecular  weight  
markers.  The s ize of  the plasmids isolated from Rhizobium and 
Aqrobacterium in this  study were compared to large plasmids from A. 
tumefaciens s train A277 as  described by Russel l  and Atherly (1981).  
Courier  and Nester  (1976) determined the molecular  weight  of  the Ti 
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plasmid to be 120 Mdal by contour length measurements.  Although the 
120 and 300 Mdal plasmids from the ^  tumefaciens s train A277 were 
useful  in determining molecular  weights ,  the values shown in Table 1  
are more l ikely an underest imation of  the t rue molecular  weights  of  
the plasmids in R. japonicum. An example of  the underest imation of  the 
molecular  weights  comes from the addit ion of  EcoRI fragments of  the 
plasmid pPRC193 as  described in Section I II .  The addit ion of  al l  the 
fragments compared to bacteriophage lambda DNA s tandards was 214 Mdal.  
This  is  28 Mdal larger  than the gel  electrophoresis  determinations 
made by Russel l  and Atherly (1981).  
Other s tudies have also determined that  Rhizobium species contain 
large plasmids.  The isolat ion and separat ion in agarose gels  of  large 
plasmids was f i rs t  reported by Gross e t  a l .  (1979) and later  by 
Russel l  and Atherly (1981) in both slow- and fast-growing s trains of  
R.  japonicum. A detai led explanation of  the various plasmid isolat ion 
methods used may be found in Section III .  Hirsch et  al .  (1980) 
described the isolat ion of large plasmids of  R.  lequminosarum by gel  
electrophoresis  and found results  s imilar  to those of  Casse e t  al ,  
(1979) in that  large plasmids are a common occurrence in R. 
lequminosarum. The loss of  the largest  plasmid in R.  lequminosarum 
strain 5015,  as  shown by gel  e lectrophoresis ,  resulted in the loss of  
nodulat ion abi l i ty.  Therefore,  two important  conclusions may be drawn 
from the studies of  plasmids in Rhizobium species.  First ,  plasmids 
have been found in every species and in nearly every s train of  
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Rhizobium examined.  Second,  the s ize of  the plasmids in the Rhizobium 
species is  large:  most  plasmids are greater  than 90 Mdal and 
megaplasmids (greater  than 300 Mdal)  have been examined.  
The locat ion of genes associated with symbiosis  on large plasmids 
has been suspected since the original  f inding of  the large plasmids in 
Rhizobium. Methods previously used to determine the locat ion of  
ni trogen f ixat ion and nodulat ion genes have included plasmid curing 
(Higashi ,  1967;  Zurkowski e t  a l . ,  1973) and plasmid t ransfer  (Brewin 
et  a l . ,  1980;  Dunican and Tierney,  1974;  Johnston et  a l . ,  1978).  The 
success of  these methods has been mixed and may readily be explained 
by the fact  that  genes involved in symbiosis  may be located on the 
chromosome, and hence would not  normally be t ransferred,  and that  
known genetic  markers on the plasmids are rare.  One example of  
determining the plasmid locat ion of  nod genes was the t ransfer  of  a  
plasmid from R. phaseoli  to  a nodulat ion deficient  ^  1equminosarum 
s train.  The R.  1equminosarum strain containing the plasmid from R. 
phaseoli  was able to nodulate peas,  the host  of  the R. phaseoli  (Lamb 
et  a l .  1982).  
Several  important  s tudies convincingly determined the locat ion of  
s tructural  nif  genes in various Rhizobium species by hybridizat ion 
with a 32P-labeled nif  probe.  The nif  probe was original ly isolated 
from jL pneumoniae as  previously described.  Homology with ni trogen 
f ixat ion genes in Rhizobium was expected based on the observation that  
protein subunits  of  the ni trogenase enzyme complex could be combined 
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from different  sources and form an act ive protein complex and,  a lso,  
that  the amino acid content  of  ni trogenase proteins from a variety of  
sources were highly homologous (Nuti  e t  a l . ,  1979).  Ruvkun and Ausubel  
(1980) clearly demonstrated the hybridizat ion of  the structural  nif  
genes of  pneumoniae with 19 of  19 ni trogen f ixing organisms.  
Therefore,  the use of  nif  genes from pneumoniae has provided an 
opportunity to examine the locat ion of nif  genes in the Rhizobia.  The 
f i rs t  study to determine the locat ion of nif  genes by hybridizat ions 
using separated DNA from Rhizobium was reported by Nuti  e t  a l .  (1979).  
They demonstrated the hybridizat ion of  nif  s tructural  genes from K. 
pneumoniae and plasmid DNA from several  ^  1 eguminosarum strains and a 
s train of  R^ meli lot i .  Plasmid DNA was digested with a  restr ict ion 
enzyme and t ransferred to ni trocellulose by the Southern method.  
Second,  the results  of  Hombrecher e t  a l .  (1981) showed hybridizat ion 
with the pneumoniae nif  probe and large plasmids in R. 
1eguminosarum and R.  phaseoli .  Third,  Prakash et  a l .  (1981) also 
showed the presence of  large plasmids in various Rhizobium strains and 
determined the locat ion of s tructural  nif  genes on large plasmids in 
R. 1egumi nosarum, R.  t r i  fol i  i ,  and ^  phased i .  In contrast ,  two R. 
meli lot i  s trains examined by Prakash et  a l .  (1981) contained plasmids 
which did not  harbor nif  genes.  The nif  genes in these strains were 
suspected of  being located on a megaplasmid or  the chromosome. 
Megaplasmids ( larger  than 300 Mdal)  harboring nif  genes have been 
reported in R. meli lot i  (Rosenberg e t  a l . ,  1982) and have also been 
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detected in the fast-growing R. japonicum (M. J .  Hagenson,  Dept .  of  
Genetics,  Iowa State Universi ty,  personal  communication).  In the 
slow-growing japonicum, however,  megaplasmids have not  been 
detected.  (K. Engwall ,  Dept .  of  Genetics,  Iowa State Universi ty,  
personal  communication).  
The results  presented in this  sect ion are consistent  with the 
results  reported in the l i terature concerning the presence or  absence 
of  nif  s tructural  genes on large plasmids in Rhizobium. Because nif  
genes in slow-growing R.  japonicum are located on the chromosome, i t  
is  important  to design nif  gene related experiments which account  for  
this  important  factor .  A dist inct  advantage exists  in the knowledge of  
the locat ion of  nif  genes in slow- and fast-growing R. japonicum. For 
instance.  The large plasmids of  the fast-growing strains which contain 
nif  genes may be t ransferred to a slow-growing s train harboring nif  
genes on the chromosome or  a megaplasmid.  Such an experiment has been 
performed with the fast-growing s train PRC191 and slow-growing s train 
Sllbl lO (K. Engwall ,  Iowa State Univ. ,  personal  communication).  
Signif icant  differences exist  between the slow- and fast-growing 
R. japonicum strains examined in this  study.  The dist inct  divergence 
in the locat ion of s tructural  nif  genes is  only one example.  
Biochemically,  the slow-growing Rhizobium species are base producers 
in mannitol  medium while the fast-growing Rhizobium species are acid 
producers in the same medium (Vincent ,  1974).  Agarwal and Keister  
(1983) have noted s ignif icant  physiological  differences within 
31 
slow-growing R.  japonicum. Others have shown that  fast-growing R. 
japonicum isolates from the People 's  Republic of  China s trongly 
resemble other  Rhizobium fast-growing species both physiological ly and 
biochemically (Keyser e t  a l . ,  1982;  Sadowsky et  a l . ,  1983).  The fact  
remains,  however,  that  both slow- and fast-growing R. japonicum 
strains are capable of  nodulat ing the same soybean cult ivar  (Keyser e t  
a l . ,  1982;  N. DuTeau,  Dept .  of  Genetics,  Iowa State Universi ty,  
personal  communication).  
Ruvkun and Ausubel  (1980) have speculated that  plasmid-borne,  
ni trogen-fixat ion related t rai ts  may be the result  of  recent  
radiat ion,  perhaps by conjugative plasmids to other  species.  
Therefore,  i t  is  possible that  the fast-growing R. japonicum strains 
isolated from the People 's  Republic of  China are relat ively recent  
addit ions to the family of  ni trogen f ixing organisms.  Alternatively,  a 
fast-growing species of  Rhizobium may have original ly formed the 
symbiotic  event .  I f  fast-growing R. japonicum strain PRC194,  with 
chromosomal-borne nif  genes,  is  the original  progenitor  s train then 
the fast-growing type may be the ancestor .  I t  may therefore prove to 
be relat ively diff icult  in determining the original  symbiont  of  the 
Rhizobium-soybean relat ionship.  
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III .  CONSERVATION OF DNA SEQUENCES IN 
RHIZOBIUM JAPONICUM 
A. Introduction 
Rhizobium japonicum is  the member of  the family Rhizobiaceae that  
forms a symbiotic  relat ionship with soybeans and f ixes atmospheric 
ni trogen in root  nodules.  R.  japonicum is  of  part icular  interest  
because of  i ts  symbiosis  with the important  agronomic crop,  soybean,  
but  also because of  the recent  discovery of  fast-growing strains that  
appear to be unrelated to tradit ionally used U.S.  s trains (Keyser e t  
a l . ,  1982).  The abi l i ty of  both slow- and fast-growing R. japonicum 
strains to nodulate and f ix ni trogen in a s ingle soybean cult ivar  is  
unusual  but  not  unique.  Certain slow- and fast-growing R. species,  
which nodulate Lotus pedunculatus and the cowpea group,  have also been 
identif ied (Brockwell ,  1980).  The physiological  differences between 
slow- and fast-growing R. japonicum strains are signif icant  (Keyser e t  
a l . ,  1982) and ref lect  a divergent  genetic  background.  I t  has 
therefore been of  interest  to invest igate the genetic  content  of  R.  
japonicum in terms of  sequence organizat ion and conservation.  
Large plasmids are a common feature in al l  Rhizobium species 
(Casse et  a l . ,  1979; Denarie et  a l . ,  1981;  Gross et  a l . ,  1979;  Nuti  e t  
a l . ,  1977) and frequently contain genes of  symbiotic  importance 
(Masterson et  a l . ,  1982;  Prakash et  a l . ,  1981;  Rosenberg et  a l . .  
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1982).  We have previously shown the presence of  symbiotic  genes on the 
plasmids of  fast-growing R. japonicum, whereas s low-growing R. 
japonicum l ikely harbor these genes on the chromosome (Masterson et  
a l . ,  1982).  
In this  study,  we report  the intra-  and inter-relatedness between 
the plasmid and chromosomal DNA of  both slow- and fast-growing R. 
japonicum strains.  The s tructural  organizat ion of  symbiotic  genes 
appears highly conserved in the fast-growing R. japonicum strains 
isolated from diverse geographical  and ecological  backgrounds.  
However,  in  the slow-growing R. japonicum strains also of  diverse 
backgrounds,  such conservation is  not  as  s tr ingent .  Nif  s t ructural  
gene sequences appear to be very highly conserved in al l  
ni trogen-fixing organisms (Ruvkun and Ausubel ,  1980),  including the 
slow- and fast-growing R. japonicum strains examined here.  In 
contrast ,  the slow-growing R.  japonicum strains seemingly have very 
l i t t le  homology with respect  to nodulat ion gene sequences isolated 
from R. meli lot i  and also the fast-growing R. japonicum strains.  
Also,  i t  is  established that  the nod and nif  genes are present  on the 
plasmids in fast-growing R. japonicum. 
B.  Materials  and Methods 
1 .  Bacterial  s trains and growth media 
The propert ies  of  the R. japonicum strains used are summarized in 
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Table 1.  For growth of  cel ls  for  DNA isolat ion,  late  log-phase 
bacteria  grown in TY-medium (Beringer,  1974) was used which contains 
per  l i ter ;  5g Bacto-Tryptone (Difco);  3g yeast  extract ;  0.93g 
CaCl2,H20'  The bacteria  were di luted 100-fold into PA-medium (Hirsch et  
a l . ,  1980) which contains per  l i ter :  4g Bacto-Peptone (Difco) and 
0.24g anhydrous MgSO^; and then grown to 2 X 10^ cel ls /ml at  28°C with 
vigorous shaking.  E.  col i  s trains were grown in s tandard LB-mediutn 
containing per l i ter :  10 g Bacto-Tryptone (Sigma);  10 g NaCl ;  and 5 g 
yeast  extract .  E.  col i  were grown on a  shaking platform at  37° C with 
appropriate antibiot ic  select ion.  
2.  Isolat ion of total  bacterial  DNA 
Late-log phase cel ls  (5 ml)  were centr ifuged at  7,000 rpm in a 
Sorvall  SS-34 rotor  for  10 minutes a t  5° C.  The pel let  was resuspended 
in 16 ml of  50 mM Tris-HCl,  pH 8 .0,  20mM EDTA, to  which 10 mg/ml Sigma 
Co.  Pronase E ( f inal  concentrat ion 1 mg/ml) and 20% sodium dodecyl  
sulfate (f inal  concentrat ion 1%) were added.  The mixture was incubated 
at  37° C for  2 h and the viscous solut ion was subsequently sheared 
twice through a 21 gauge needle.  The solut ion was extracted with 
phenol  and chloroform, and DNA precipi tated by adding 3 M sodium 
acetate (f inal  concentrat ion 0.3 M) and 2.5 volumes of  95% ethanol .  
Total  DNA was pel leted by centr ifugation at  10,000 rpm for  10 minutes 
a t  4° C,  washed twice with 70% ethanol  and resuspended in 0.5 ml 10 mM 
Tris ,  (pH 8.0)  and 1.0 mM EDTA. 
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This relat ively simple procedure works with great  eff iciency,  is  
very rapid,  and requires no bouyant  densi ty centr ifugation.  Samples 
resistant  to restr ict ion endonuclease digest ion were re-extracted with 
phenol ,  chloroform, and ethanol  as  described above.  
3 .  Isolat ion of  plasmid DNA from Rhizobium japonicum 
The relat ively gentle  plasmid isolat ion method of  Hirsch et  al .  
(1980) was used in the isolat ion of large plasmids from both slow- and 
fast-growing R. japonicum strains.  Modificat ions were made in the 
procedure which resulted in increased yields,  clean and completely 
digest ible plasmid DNA, and ease of  isolat ion.  In part icular ,  
increased yields in plasmid DNA from slow-growing s trains resulted 
from washing cel ls  with cold 3% NaCl before lysis .  This did not  effect  
the isolat ion of  plasmid DNA from fast-growing s trains of  R.  
japonicum. Thir ty to f i f ty ug of  high molecular  weight  plasmid DNA was 
usually isolated from one l i ter  cultures of  cel ls  grown to a 
O 
concentrat ion of  2X10 cel ls /ml.  
Prior  to cel l  lysis ,  one l i ter  cultures of  bacterial  cel ls  were 
washed with 50 mM Tris  and 20 mM EDTA, pH 8 .0 (referred to as  high 
TE).  The cel ls  were resuspended in 160 ml of  cold (4°C) high TE and 
placed on ice in 500 ml plast ic  beakers.  Ten ml each of  predigested 
Pronase (Sigma) (10 mg/ml)  and sodium dodecyl  sulfate (10%w/v) were 
added to the resuspended cel ls  and s t i rred with a plast ic  pipet te  to 
ensure complete mixing of  a l l  ingredients .  Samples were placed in a 
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37° C waterbath such that  the lysate levels  in the beakers were equal  
to the water  level  in the waterbath.  Over a  period of  45 to 50 minutes 
the samples were occasionally s t i rred and the progress of  cel l  lysis  
was monitored.  Samples which were original ly opaque and non-viscous 
usually turned clearer  and very viscous within 50 minutes.  Exactly 5.1 
ml of  fresh 3.0 M NaoH were added to each lysate sample and gently 
s t i rred with a  plast ic  pipet te  over a  30 minute period in order to 
denature the DNA. The pH of  the lysate was monitored with pH paper in 
order to determine the extent  of  denaturat ion.  Fif teen ml of  cold 2.0 
M Tris ,  pH 7 .0,  were added and gently mixed with each sample.  The 
chromosomal DNA, which is  not  supercoiled,  mostly remained denatured 
while the supercoiled plasmid DNA was able to rapidly renature.  This  
al lowed the precipi tat ion of  chromosomal DNA (as  well  as  SOS-protein 
complexes)  in the next  s tep of  the procedure.  
The addit ion of  55 ml of  cold 5 M NaCl to  each lysate ini t iated 
the precipi tat ion process.  Complete precipi tat ion occurred overnight .  
Unless otherwise noted,  a l l  samples were kept  a t  4° C throughout the 
rest  of  the isolat ion procedure.  Each sample,  containing approximately 
280 ml of  lysate solut ion,  was distr ibuted into clean 150 ml Corex 
centr ifuge tubes and centr ifuged at  8,000 rpm for  20 minutes a t  4° C.  
The supernatant ,  which contained mostly plasmid DNA with a l imited 
amount of  chromosomal DNA contamination,  was careful ly poured into 
clean,  500 ml plast ic  beakers.  To the supernatant  exactly 68 ml of  
8,000 Mwt polyethylene glycol  (50% w/v) were added to each sample and 
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gently s t i rred unti l  complete mixing had occurred.  This  mixture was 
kept  a t  4° C overnight  and centr ifuged using a GSA (Sorvall)  rotor ,  
with 150 ml Corex centr ifuge tubes,  a t  7,000 rpm for  10 minutes a t  4° 
C.  The supernatant  mixture was careful ly poured off  and the Corex 
tubes were inverted on paper towels and al lowed to dry over a  period 
of  approximately one hour.  At this  t ime,  the tubes were placed on ice 
and 7.5 ml of  s ter i le  high TE (pH 8.0)  were distr ibuted among 3 Corex 
tubes which corresponded to a single lysate sample.  
All  plasmid DNA was purif ied in CsCl-ethidium bromide gradients  
to el iminate chromosomal contamination in subsequent  hybridizat ion 
assays.  Exactly 7.80 g of  CsCl (Sigma) was gently added and mixed with 
each sample over a  10 minute period at  4° C.  0.5 ml of  ethidium 
bromide (5 mg/ml)  was then added to each sample and gently mixed.  The 
refract ive index of  each sample was determined and any sample which 
s ignif icantly deviated from a value of  1.390 was corrected by adding 
ei ther  CsCl or  s ter i le  high TE (pH 8.0) .  
Each sample was careful ly added to 12 ml capacity polypropylene 
ul tracentr ifuge tubes (Beckman) and sealed with a Beckman 
ul tracentr ifuge heat  seal ing device.  The tubes were placed in a Ti50 
ul tracentr ifuge rotor  (Beckman) and centr ifuged in a Beckman L-2 
ul tracentr ifuge at  36,000 rpm for  48 hours a t  15° C.  After  this  t ime,  
the t imer on the ul tracentr ifuge was turned off  and the rotor  was 
al lowed to come to a complete s top.  The braking device on the 
ul tracentr ifuge was not  used so that  the gradients  were not  
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signif icantly disturbed in the decelerat ion process.  The tubes were 
careful ly removed from the ul tracentr ifuge and wrapped in aluminum 
foi l  to protect  each sample from l ight .  Using an ul traviolet  l ight  
source (Fotodyne),  the tops of  each ul tracentr ifuge tube were removed 
and the band containing chromosomal DNA, as  well  as  open circular  and 
l inear  plasmid DNA ( top band),  was removed using a s ter i le ,  narrow 
pipet te  and was then discarded.  Another s ter i le ,  narrow pipet te  was 
used to remove the covalently closed circular  plasmid DNA ( lower 
band).  The plasmid DNA solut ion was placed in a s ter i le  10 ml tube 
(Falcon) to which an equal  volume of  isopropanol ,  saturated with 5 M 
NaCl,  was added and gently mixed with each sample and al lowed to form 
two phases.  The top phase contained extracted ethidium bromide in the 
saturated isopropynol solut ion.  This s tep was repeated 4-5 t imes and 
then checked with the ul traviolet  l ight  source to ensure the removal  
of  ethidium bromide.  I f  ethidium bromide was s t i l l  present ,  several  
more extract ions were performed in order to remove i t .  Each sample,  
with a  volume between 0.5 and 1.0 ml,  was extensively dial ized versus 
10 mM Tris  and 1  mM EDTA, pHB.O. Samples were routinely concentrated 
by dialysis  versus 10 mM Tris  (pH 8.0)  and 50% polyethylene glycol  a t  
4° C.  Final ly,  the concentrated samples were s tored at  4° C.  
There are three main factors  in the isolat ion procedure outl ined 
above which great ly assist  in the isolat ion of the large plasmids.  
First ,  al l  materials  which could be s ter i l ized by using an autoclave 
or  by r inses with 95% ethanol  were done prior  to an isolat ion in order 
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to reduce nuclease contaminations.  Second,  the plasmid DMA only came 
into contact  with plast ic  and not  with glass,  which may bind DNA, 
throughout the entire  isolat ion process.  Third,  the plasmid DNA was 
removed from the CsCl-ethidium bromide gradients  using plast ic  
pipet tes .  The bore of  the pipet te  is  approximately 1  mm and this  size 
is  sufficient  in order to reduce shear forces.  While glass may be 
s i l iconized,  this  t reatment has the adverse effect  of  not  al lowing DNA 
to adhere in precipi tat ion react ion steps.  
Furthermore,  in the ini t ial  t r ials  of  this  isolat ion method,  i t  
was valuable to take small  a l iquots  at  each stage in order to 
determine the presence or  absense of  plasmid DNA. The al iquots  were 
loaded onto agarose gels ,  subjected to electrophoresis ,  and s tained 
with ethidium bromide (described in part  5 of  this  sect ion) so that  
the maximum amount of  plasmid DNA could be isolated from each 
individual  s tep.  For instance,  the addit ion of  exactly 5.1 ml of  3 M 
NaOH in the denaturat ion step yielded the highest  amount of  plasmid 
DNA. 
4 .  Isolat ion of plasmid DNA from E_^ col i  
The small-scale isolat ion procedure of  Birnboim and Doly (1979) 
was used in the extract ion of  small  and medium sized plasmids.  This  
procedure is  rapid,  repeatable,  and up to 40 samples of  plasmid DNA 
copuld be isolated and digested with restr ict ion enzymes in a s ingle 
day.  However,  this  method of  plasmid isolat ion is  l imited to E.  col i  
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and was not  effect ive in the isolat ion of plasmids from ^  japonicum. 
Five ml of  L-media,  which contains per  l i ter :  10 g Bacto-Tryptone 
(Sigma),  5 g yeast  extract ,  and 10 g NaCl,  were used with the 
appropriate ant ibiot ics  for  plasmid select ion.  A s ingle colony of  E.  
col i  was inoculated into the L-media and al lowed to grow overnight  
with vigorous shaking at  37° C.  1.3 ml of  this  culture were 
centr ifuged for  one minute in a 1.5 ml Eppendorf  centr ifuge tube using 
an Eppendorf  centr ifuge (Eppendorf) .  The supernatant  was discarded and 
the bacterial  pel let  was resuspended in 100 ul  of  cold lysis  solut ion 
(50 mM glucose,  10 mM EDTA, 4  mg/ml lysosyme, and 25 mM Tris  (pH 8.0) .  
The lysate mixture was al lowed to stand at  room temperature for  5 
minutes af ter  which 200 ul  of  cold denaturat ion solut ion ( 0 .2 M NaOH, 
1% sodium dodecyl  sulfate)  were added.  The tube was inverted gently 
and placed on ice for  5 minutes.  At this  t ime,  150 ul  of  renaturat ion 
solut ion (3 M acet ic  acid)  were added,  gently but  thoroughly mixed,  
and placed on ice for  another 5 minutes.  The lysate sample was then 
centr ifuged in an Eppendorf  centr ifuge (Eppendorf)  for  5 minutes and 
the supernataût  was placed into a new 1.5 ml Eppendorf  centr ifuge 
tube.  One volume of  phenol ,  previously equil ibrated with 1  M Tris  (pH 
8.0) ,  was added to the supernatant  and gently mixed.  The sample was 
then centr ifuged for  2 minutes and the top layer was careful ly 
removed.  An equal  volume of  chloroform was added,  gently mixed,  and 
centr ifuged for  2 minutes.  The top layer was removed and placed in a 
new 1.5 ml Eppendorf  centr ifuge tube to which 1/2 volume of  7.5 M 
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ammonium acetate and 2 volumes of  -20° C ethanol  were added and gently 
mixed together.  The mixture was placed at  -60° C for  10 minutes,  
al lowed to reach 4° C,  and centr ifuged for  10 minutes a t  4° C.  The 
supernatant  was discarded and 200 ul  of  80% ethanol  in water  were used 
to r inse the DNA pel let .  The sample was centr ifuged for  one minute,  
the supernatant  was removed,  and the DNA pel let  was al lowed to dry.  
Fif ty ul  of  low TE (0.01 M Tris  (pH 8.0) ,  and 0.001 M EDTA) were added 
and gently but  thoroughly mixed.  DNA samples prepared in this  manner 
could be s tored at  -20° C unti l  needed.  
Small  a l iqouts  of  5 ul  were applied to mini-gels  (described in 
the preceding sect ion) so that  the concentrat ion and s ize of  the 
extracted plasmid DNA could be analyzed.  Usually,  the plasmid DNA 
prepared in this  manner could be readily digested with any given 
enzyme. If  a  sample of  plasmid DNA was resistant  to digest ion,  the 
isolat ion procedure was repeated from the phenol  s tep.  This usually 
solved problems associated with digest ion by restr ict ion enzymes.  
In order to obtain 20-30 ug of  plasmid DNA from ^  coli ,  the 
isolat ion procedure of  Birnboim and Doly (1979) was scaled up 20 fold.  
CsCl bouyant  densi ty centr ifugation,  as  described in part  3 ,  was 
carr ied out  in exactly the same manner.  I t  was necessary to purify al l  
plasmid DNA samples prior  to nick-translat ion react ions such that  
chromosomal DNA was not  incorporated in the labeling process.  
Furthermore,  nick-translat ion labeling react ions were optimum only 
with purif ied DNA. 
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5.  Restr ict ion enzyme analysis  and electrophoresis  condit ions 
R.  japonicum plasmids and total  DNA were routinely digested with 
10 units  of  EcoRi restr ict ion enzyme (New England Biolabs)  per  ug of  
DNA for  2 h a t  37° C.  High sal t  restr ict ion enzyme buffer  (100 mM 
NaCl,  50 mM Tris  (pH 8.0) ,  10 mM MgCl,  and 1  mM di thiothrei tol)  was 
used for  digest ions with EcoRI and was prepared as  a lOX s tock,  f i l ter  
steri l ized,  and kept  a t  -20° C. After  digest ion,  the samples were 
placed at  55° C for  10 minutes and then on ice unti l  needed.  
Agarose electrophoresis  was a  technique routinely used for  two 
purposes.  First ,  different  sized fragments,  ranging from less than 1  
kb to over 35 kb,  could be eff iciently separated and thus 
characterized by unique digest ion pat terns.  Second,  the separated DNA 
could be t ransferred to ni trocellulose paper such that  DNAzDNA 
hybridizat ions could be performed in order to determine relatedness at  
the DNA level .  The concentrat ion of  agarose for  most  gels ,  in which 
fragments of  DNA were separated,  was optimum at  0.7%. Several  
different  types of  electrophoresis  buffers  were t r ied of which TAE 
buffer  (0.04 M Tris-acetate (pH 8.0) ,  0.002 M EDTA) was superior .  
Other buffers  which contained boric acid sometimes gave the phenomena 
of  lane constr ict ion in which the migrat ing t ract  of  DNA would become 
narrower as  electrophoresis  progressed.  
Samples were routinely loaded onto a  300 ml 0.7% agarose gel  
(Seakem),  made in TAE buffer .  The powdered agarose was added to TAE 
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buffer  and brought to a boil  on a  hot  plate (or  a  microwave) and 
al lowed to cool  to 50° C before being poured into an electrophoresis  
agarose holding t ray with a comb (Bethesda Research Labs)  providing 1  
mm thick wells  which could hold approximately 20 ul  of  DMA solut ion.  
Electrophoresis  was performed at  3 V/cm for  18 h a t  room temperature 
with a horizontal  apparatus (Bethesda Research labs)  which contained 
TAE buffer .  After  electrophoresis  was complete,  the gel  was submerged 
in dist i l led water  containing 1 mg/ml of  ethidium bromide (5 mg/ml 
s tock solut ion).  The agarose gel  was then r insed with dist i l led water  
and exposed to ul traviolet  l ight  using a 300 nm ul traviolet  l ight  
source (Fotodyne).  Photographs were taken of  the gel  using a Polaroid 
MP4 apparatus and Polaroid 665 f i lm. A gelat in f i l ter  (Kodak) under a  
Kodak Wratten 23 f i l ter  beneath the lens of  the camera provided 
adequate f i l t rat ion for  proper exposure of  the f i lm. Lambda 
bacteriophage DNA (Bethesda Research Labs)  digested with EcoRI or  
Hindll l  (New England Biolabs)  was included in al l  experiments as  
molecular  weight  determinants  and for  negative controls  in subsequent  
Southern hybridizat ions.  Several  digest ions were done with R.  
japonicum DNA and band pat terns compared to determine that  complete 
digest ion occurred.  
The mini-gel  apparatus described by Maniat is  e t  a l .  (1982) was 
used to determine the concentrat ion and extent  of  restr ict ion 
endonuclease digest ion.  This  al lowed one-tenth the amount of  DNA 
required for  a ful l  s ized gel  to be analyzed in approximately 30 
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minutes when subjected to the same electrophoresis  condit ions 
described above.  These gels  were also made of  0.7% agarose (Seakem) in 
TAE buffer  (0.04 M Tris-acetate (pH 8.0) ,  0.002 M EDTA).  The agarose 
in the TAE buffer  were melted on a  hot  plate (or  microwave) to boil ing 
and al lowed to cool  to 50-55° C before cast ing mini-gels .  Two by three 
inch glass microscope s l ides were used as  a platform to which 
approximately 10 ml of  molten agarose were added.  The use of  
mini-gel 's  afforded the convenience of  determining whether or  not  the 
DNA had completely digested.  If  the DNA was not  sat isfactori ly 
digested,  the procedure could be repeated again and rechecked on a 
mini-gel  without  s ignif icant  loss of  DNA. Also,  the relat ive 
intensi t ies  of  s tained DNA in the mini-gels  al lowed an est imation of  
the amount of  DNA present .  This  information was used to determine the 
amount of  digested DNA that  should be added to a ful l  s ized gel  so 
that  a uniform amount was applied to each lane.  This  factor  was 
s ignif icant  when comparing hybridizat ion pat terns between the DNA 
isolated from various s trains.  
5.  Hybridizat ion condit ions 
The Southern (1975) procedure,  as  modified by Thomashow et  a l . ,  
(1980) was used in the preparat ion and blot t ing of  sui table gels .  
Gene Screen (New England Nuclear)  was used as  a t ransfer  membrane such 
that  repeated hybridizat ions could be performed with a s ingle blot .  
Hybridizat ions were performed in plast ic  pouch type bags a t  42° C for  
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48 h in a shaking water  bath in formamide hybridizat ion solut ion (50% 
formamide,  0.2% polyvinyl-pyrrol idine,  0.2% bovine serum albumin,  0.2% 
f icoll ,  0.05 M Tris  (pH 7.5) ,  0.1% sodium pyrophosphate,  1.0% sodium 
dodecyl  sulfate,  and 100 ug/ml of  denatured salmon sperm DNA).  After  
32 12-15 hours of  hybridizat ion,  P-labeled probe (f inal  concentrat ion 
approximately 10 ng/ml)  were added in an addit ional  2 ml of  the 
formamide hybridizat ion solut ion and the hybridizat ion react ion was 
al lowed to proceed for  36 hours.  When the hybridizat ion period was 
complete,  the hybridizat ion f luid was removed from the plast ic  bag and 
three washes were performed.  First ,  100 ml of  wash solut ion number one 
(0.3 M NaCl,  0.06 M Tris  (pH 8.0) ,  0.002 M EDTA) were added to the 
hybridizat ion bag and was placed in a shaking waterbath at  room 
temperature for  5 minutes af ter  which the wash solut ion was discarded;  
this  step was repeated once.  Next ,  100 ml of  wash solut ion number two 
(0.3 M NaCl,  0 .05 M Tris  (pH 8.0) ,  0.002 M EDTA and 1% sodium dodecyl  
sulfate)  were added and the bag was placed at  50° C in  a shaking 
waterbath for  30 minutes;  this  s tep was repeated once.  Third,  100 ml 
of  wash solut ion three (0.006 M Tris  (ph 8.0) ,  0.0002 M EDTA) were 
added and placed in a shaking waterbath at  room temperature for  30 
minutes;  this  step was also repeated once.  At this  t ime,  the 
hybridizat ion f i l ter  was examined with a  hand-held Geiger counter  
(Lionel)  in order to determine the amount of  background radioactivi ty.  
If  s ignif icant  levels  remained,  then 1-2 washes with wash solut ion 
number 3  were repeated.  
Both posi t ive and negative controls  reacted as expected under the 
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str ingency of the hybridizat ion condit ions and are described in the 
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results  and discussion sect ion of  this  chapter .  P-labeled dCTP and 
nick-translat ion chemicals  were obtained from New England Nuclear  and 
0.5 to 1.0 ug of  DNA probe was labeled to a specif ic  act ivi ty between 
5x10^ to 1x10^ cpra.  Hybridized f i l ters  were exposed to Kodak X-Omat R 
f i lm for  1-5 days with or  without  a  Dupont Cronex Lightning-Plus 
intensifying screen (Dupont) .  To reuse DNA blot ted hybridizat ion 
f i l ters ,  each f i l ter  was f i rs t  washed with 60% formamide,  2X SSC (IX 
SSC: 0.15 M NaCl,  0 .015 M NaCitrate) ,  a t  70° C for  two hours and then 
washed twice with 2X SSC at  room temperature.  Fi l ters  were exposed to 
f i lm overnight  with an intensifying screen to confirm the removal  of  
^^P-probe.  Reduced s tr ingency condit ions were performed at  37° C for  
48 h in lOX Denhardts  solut ion (0.2% Ficoll ,  0.2% 
polyvinylpyrrol idone,  and 0.2% bovine serum albumin),  3X SSC, 0.5% 
SDS, and 35% deionized formamide.  Hybridizat ion washes were done with 
3X SSC and 3X SSC plus 0.5% SDS. Exposure to X-ray f i lm is  exactly as 
described above.  
C.  Results  and Discussion 
1.  Isolat ion of ^  japonicum plasmid DNA 
The isolat ion of plasmid DNA from slow-growing R. japonicum is  
relat ively diff icult  when compared to the isolat ion of plasmids from 
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other Rhizobium species and other  gram negative bacteria  in general .  
There are two s ignif icant  reasons why the plasmids are resistant  to 
standard isolat ion techniques.  First ,  the plasmids are very large in 
s ize:  most  plasmids in slow- and fast-growing R. japonicum are over 
100 Mdal (1.5 K bp) and most  s t rains contain plasmids with an average 
molecular  weight  of  approximately 175 Mdal,  as  described in the 
previous sect ion).  Most  isolat ion procedures involve a cleared lysate 
process and are applicable to plasmids no larger  than approximately 30 
Mdal.  Second,  the slow- growing R.  japonicum are very resistant  to 
cel l  lysis .  Russel l  and Atherly (1981) modified an isolat ion procedure 
used on fast-growing Rhizobia developed by Casse et  a l . ,  (1979) which 
included washing the cel ls  with 3 % NaCl pr ior  to cel l  lysis .  I t  was 
suggested the sal t  wash aided in the removal  of  substances on the cel l  
wall  (possibly polysaccharides)  which inhibi ted cel l  lysis .  A report  
by Schwinghamer (1980) s tated that  the use of  sarkosyl  detergent  
(0.1%) as  a wash prior  to cel l  lysis  of  gram negative bacteria  was 
useful  in increasing yields of  plasmid DNA. In this  study,  washes with 
sarkosyl  (0.1%) or  sodium dodecyl  sulfate prior  to cel l  lysis  of  
slow-growing R. japonicum did not  appear to improve the quali ty or  
quanti ty of  plasmid DNA. 
Two general  plasmid isolat ion procedures work well  in  the 
isolat ion of large plasmids from R. japonicum. Both procedures use 
alkal ine denaturat ion and CsCl gradients .  The f i rs t  procedure,  
developed by Currier  and Nester  (1976),  uses SOS and pronase to lyse 
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the  bacter ia ,  a f ter  which the  lysa te  i s  sonicated and denatured.  The 
lysa te  solut ions  are  then neutra l ized,  ext rac ted  wi th  phenol ,  and 
f inal ly  e thanol  precipi ta ted .  The i so la t ion procedure  of  Casse  e t  a l . ,  
(1979)  i s  very  s imi lar  and s l ight  modif ica t ions  have been made so  tha t  
the  opt imum amount  of  p lasmid DMA could  be  i so la ted  from fas t -growing 
Rhizobium.  The plasmid i so la t ion of  Adachi  and Iyer  (1980)  i s  a lso  
very  s imi lar  to  the  Curr ier  and Nester  (1976)  procedure  and was  
modif ied  for  use  wi th  plasmids  of  ^  meli lo t i .  The second genera l  
i so la t ion technique for  large  plasmids  was  developed by Hanson and 
01 sen (1978)  for  the  i sola t ion of  large  plasmids  (100-200 Mdal)  f rom 
var ious  Psuedomonas  s t ra ins .  This  procedure  i s  s ignif icant ly  d i f ferent  
f rom that  of  Curr ier  and Nester  (1975)  in  three  ways:  1)  a lkal ine  
denatura t ion occurred af ter  ce l l  lys is  (not  dur ing lys is ) ;  2)  phenol  
and chloroform extract ions  were  omit ted;  and,  3)  precipi ta t ion of  
plasmid DNA a t  the  end of  the  procedure  was  done wi th  polyethylene 
glycol  (Mwt 6000)  ins tead of  e thanol .  The use  of  polyethylene glycol  
in  the  i sola t ion of  plasmid DNA was  or ig inal ly  repor ted  by Humphreys  
e t  a l .  (1975) .  Plasmids  ranging f rom 5-123 Mdal  were  i so la ted  by a  
s imple  c leared lysa te  procedure  fo l lowed by precipi ta t ion wi th  var ious  
concentra t ions  and molecular  weights  of  polyethylene g lycol .  I t  was  
determined tha t  a  minimum f inal  concentra t ion of  10% and molecular  
weight  of  6000 for  polyethylene glycol  was  opt imum in  the  i sola t ion of  
large  plasmids .  Fur thermore ,  i t  was repor ted  tha t  higher  y ie lds  were  
poss ible  and tha t  polyethylene glycol  was  a  be t ter  reagent  for  the  
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precipi ta t ion of  plasmid DNA than e thanol .  
While  the  large  plasmids  of  s low-growing R.  japonicum have been 
separa ted  on large  gels  (Gross  e t  a l .  1979;  Masterson e t  a l .  1982;  
Russel l  and Ather ly ,  1981)  the  amount  of  p lasmid and qual i ty  of  the  
DNA i so la ted  by the  procedures  descr ibed by the  authors  var ied  
according to  the  procedure  used.  The procedure  descr ibed by Gross  e t  
a l .  (1979)  for  the  i sola t ion of  plasmid DNA f rom s low-growing s t ra ins  
was  unsuccessful  in  th is  par t icular  s tudy.  The i so la t ion technique 
descr ibed by Casse  e t  a l .  (1979)  and used in  essent ia l ly  the  same form 
by o thers  (Berry  and Ather ly ,  1984;  Haugland and Verma,  1981;  
Masterson e t  a l .  1982;  Russel l  and Ather ly ,  1981)  wi th  the  plasmids  of  
s low-growing ^  japonicum has  been useful  in  i sola t ing suff ic ient  
amounts  of  p lasmids  which could  be  analyzed wi th  res t r ic t ion 
endonucleases .  
In  th is  s tudy,  the  plasmid i sola t ion procedure  developed by 
Hirsch e t  a l .  (1980)  for  large  plasmids  in  R.  leguminosarum was used 
in  the  i sola t ion of  p lasmids  f rom s low- and fas t -growing R.  japonicum 
s t ra ins .  This  procedure  uses  the  ce l l  lys is  s tep  of  the  Curr ier  and 
Nester  (1976)  method,  denatura t ion af ter  ce l l  lys is  and use  of  
polyethylene glycol  for  plasmid precipi ta t ion according to  the  Hanson 
and 01 sen (1978)  method.  Phenol  and chloroform extract ions  have a lso  
been omit ted .  Comparat ively ,  th is  procedure  y ie lds  the  highest  
concentra t ion of  plasmid DNA of  any method used in  th is  s tudy.  One 
l i te r  of  R.  japonicum ce l ls  usual ly  produced 30-40 ug of  p lasmid DNA 
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by th is  method (descr ibed in  par t  3  of  Mater ia ls  and Methods  sec t ion) .  
The plasmid DNA was  of  a  very  pure  form wi thout  chromosomal  DNA or  
prote in  contaminat ion as  may be  seen in  Figures  1  and 2 .  The 
importance  of  obta ining pure  DNA was  not  only  for  d iges t ion wi th  
res t r ic t ion endonucleases  and subsequent  gel  e lec t rophores is ,  but  a lso  
for  Southern  hybr idiza t ions .  Qual i ty  hybr idiza t ions  wi th  plasmid DNA 
were  only  obta ined wi th  pure  DNA t ransferred to  n i t rocel lu lose  f i l te rs  
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and wi th  pure  DNA used in  - label ing react ions .  
2 .  In t ra- re la tedness  of  p lasmids  in  s low-growing s t ra ins  
Table  1  l i s t s  the  proper t ies ,  inc luding the  source  and serogroup 
of  each s t ra in ,  of  the  s low- and fas t -growing R.  japonicum s t ra ins  
used in  th is  s tudy.  The serogroups  were  repor ted  by Keyser  and Weber  
(1979)  for  the  s low-growing s t ra ins  of  ^  japonicum but ,  however ,  no 
informat ion regarding the  serogroups  of  the  recent ly  in t roduced 
fas t -growing s t ra ins  of  R.  japonicum from the  People ' s  Republ ic  of  
China  i s  avai lable .  The molecular  weights  of  the  plasmid(s)  in  each 
s t ra in  are  located in  Sect ion I I .  
The homology between plasmids  of  e ight  d i f ferent  s low-growing 
s t ra ins  was es t imated by res t r ic t ion diges t ion pat terns  and 
hybr idiza t ion analys is  (Figure  lA and IB) .  A s igni f icant  amount  of  
sequence conservat ion exis ts  between the  plasmids  of  four  d i f ferent  
i so la tes  as  can be  seen by compar ing the  d iges t  pat tern  of  the  
plasmids  in  lanes  1-4 .  These  p lasmids  were  i so la ted  from s t ra ins  
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Table  1 .  Proper t ies  of  ^  Japonicum s t ra ins  
St ra in  Source  Serogroup 
R.  japonicum (Slow-
growing type)  
61A76 Miss iss ippi ,  1943 c3 
Aal02 Iowa,  1979 N.D.  
3I lb31 Wisconsin ,  1941 c3 
3I lb71a Arizona,  1948 c2 
3I lb74 Cal i fornia ,  1956 76 
3I lb94 North  Carol ina ,  1956 94 
3I lb l lO Flor ida ,  1959 110 
3I lb l23 Iowa,  1950 123 
3I lb l43 India ,  1973 110-143 
(Fas t -growing type)  
PRC191 People ' s  Republ ic  of  N.D.  
PRC193 China:  Eas t  Centra l  N.D.  
PRC194 Provinces  of  Shansi ,  N.D.  
PRC201 Honan,  Shandong,  and N.D.  
PRC205 Shanghai .  N.D.  
PRC206 N.D.  
^From Keyser  and Weber ,  1979.  
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3I lb31,  61A76,  3I lb71a,  and 3I lb l43,  which were  or ig inal ly  i sola ted  
from diverse  geographical  and ecological  backgrounds  (Wisconsin ,  
Miss iss ippi ,  Arizona,  and India ,  respect ively) .  The p lasmids  in  
s t ra ins  3I lb31 and 61A76 ( lanes  1-2)  are  ident ica l  wi th  respect  to  
EcoRi  d iges t ion pat terns  and are  in  agreement  wi th  the  data  of  Berry  
and Ather ly  (A.  G.  Ather ly ,  Iowa S ta te  Univers i ty ,  personal  
communicat ion) ;  the  plasmids  f rom s t ra ins  3I lb71a and 3I lb l43 show 
only  minor  d i f ferences .  The EcoRI res t r ic t ion diges t  pat terns  of  
plasmid DNA f rom the  four  o ther  s t ra ins  examined (Figure  1 ,  lanes  5-8)  
a re  d is t inct ly  di f ferent  f rom each o ther  as  wel l  as  f rom the  d iges ts  
of  p lasmids  in  lanes  1-4 .  
Since  plasmid pRja61A76 i s  highly  conserved in  the  four  s t ra ins  
examined,  i t  was chosen as  a  representa t ive  for  hybr idiza t ion assays  
between plasmids  of  s low-growing s t ra ins .  A Southern  b lot  of  the  DNA 
32 f ragments  shown in  Figure  lA was  hybr idized wi th  P- labeled 
pRja61A76.  The resul t ing autoradiogram i s  shown in  Figure  IB.  As 
expected,  complete  homology occurred among pRja61A76 and the  three  
plasmids  tha t  showed near ly  ident ica l  res t r ic t ion pat terns  (Figure  1 ,  
lanes  1-4) .  In  contras t ,  a  l imi ted  amount  of  homology i s  seen between 
pRja51A76 and the  plasmids  in  Figure  1 ,  lanes  5-8 .  The bands  which do 
show homology in  these  lanes  do not  corre la te  wi th  s imi lar -s ized 
bands ,  wi th  each o ther ,  or  wi th  the  probe pRja61A76.  Consequent ly ,  i t  
seems tha t  the  plasmids  in  lanes  5-8  are  not  c losely  re la ted  to  
pRja61A75 (or  to  plasmids  ident ica l  to  pRja6IA76)  and thus  conta in  
Figure  1 .  Gel  e lec t rophores is  of  1  ug of  EcoRI d iges ted  plasmids  f rom s low-growing s t ra ins  
A:  Lane 1 ,  pRjapI lbSl ;  lane  2 ,  pRja61A76;  lane  3 ,  pRja3I lb71a;  lane  4 ,  PRja3I lb l43;  
lane  5 ,  pRja3I lb74;  lane  6 ,  pRja3I lb94a,b;  lane  7 ,  pRja3I lb l23;  lane  8 ,  pRjaAA102.  
Molecular  weight  markers  a re  bacter iophage lambda d iges ted  wi th  Hind I I I .  B:  
Hybr idizat ion of  ^^P-pRja61A76 to  a  Southern  b lot  of  the  gel  in  Figure  lA;  lane  
• jp  
contents  are  the  same as  Figure  lA.  C:  Hybr idizat ion of  P-pRjaPRC193 to  the  same 
Southern  b lot  in  B a f ter  the  probe in  B was  removed (as  descr ibed in  the  Mater ia ls  
and Methods)  
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s ignif icant ly  d i f ferent  DNA sequences .  
3 .  In t ra- re la tedness  of  p lasmids  in  fas t -growing s t ra ins  
Figure  2A shows the  gel  e lec t rophores is  pat tern  of  EcoRI-diges ted  
plasmids  i so la ted  from s ix  d i f ferent  fas t -growing s t ra ins  obta ined 
f rom di f ferent  locat ions  in  the  People ' s  Republ ic  of  China .  Each 
s t ra in  conta ins  1-3  large  plasmids  (Masterson e t  a l . ,  1982)  and each 
s t ra in  has  a  comparat ively  unique res t r ic t ion diges t  pat tern .  Var iable  
amounts  of  the  larges t  p lasmid obta ined f rom each s t ra in  exis ts  
because  of  p lasmid f ragi l i ty  and loss  in  CsCl  gradients .  
EcoRI-diges ted  plasmid pRja51A76 DNA ( f rom s low-growing s t ra in  51A75)  
was  p laced in  lane  1  to  compare  band pat terns  and for  subsequent  
hybr idiza t ion assays .  A v isual  compar ison of  the  d iges t  pat tern  of  
pRja61A75 DNA and the  plasmids  f rom the  fas t -growing s t ra ins  indicates  
no d is t inct  conservat ion of  res t r ic t ion s i tes .  
The only  fas t -growing R.  japonicum s t ra in  in  th is  s tudy that  
conta ins  a  s ingle  plasmid (o ther  than a  very  large  megaplasmid,  not  
separa ted  by the  i sola t ion method used)  i s  PRC193.  Therefore ,  the  214 
Mdal  p lasmid pRjaPRC193 was  chosen as  a  hybr id iza t ion probe.  Figure  2B 
32 i s  a  Southern  b lot  of  the  DNA f ragments  hybr idized to  P- labeled 
pRjaPRC183.  Even though the  res t r ic t ion pat tern  between the  plasmids  
of  fas t -growing s t ra ins  appears  var iable ,  conservat ion of  many s imi lar  
s ized f ragments  exis t .  This  re la tedness  i s  par t icular ly  evident  
between the  labeled plasmid (pRjaPRC193)  and the  plasmid(s)  in  s t ra ins  
Figure  2 .  Gel  e lec t rophores is  of  1  ug of  EcoRI d iges ted  plasmids  f rom a  s low-growing s t ra in ,  
pRja61A76 ( lane  1)  and f rom fas t -growing s t ra ins  ( lanes  2-7)  A:  Lane 1 ,  pRja61A76;  
lane  2, pRjaPRC194a,h;  lane  3 ,  PRjaPRC201a,b;  lane  4 ,  pRjaPRC205a,b ,c ;  lane  5 ,  
pRjaPRC206a,b ,c ;  Idne  6 ,  pRjaPRC191a,b;  lane  7 ,  pRjaPRC193.  Molecular  weight  markers  
a re  bacter iophage lambda ONA d iges ted  wi th  Hindl l l .  B:  Hybr idizat ion of  
^^P-pRjaPRC193 to  a  Southern  b lot  of  the  gel  in  A;  lane  content  i s  the  same as  A.  C:  
Hybr idizat ion of  ^^P-pRja61A76 to  the  same Southern  b lot  in  B a f ter  the  probe in  B 
was  removed (as  descr ibed in  the  Mater ia ls  and Methods  sec t ion) .  The contents  of  
lanes  1  and 2  were  de l ibera te ly  underexposed in  order  to  ident i fy  individual  bands  
of  pRja61A76 for  molecular  weight  determinat ions  (see  text  for  explanat ion) .  
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PRC201,  PRC205,  PRC206.  and PRC191,  ( lanes  3-6  of  Figure  2B) .  The 
d iges t  of  the  two large  plasmids  f rom PRC194,  which do not  harbor  n i f  
s t ructura l  genes  (Masterson e t  a l . ,  1982) ,  showed very  l imi ted  
homology to  the  labeled plasra id  ( lane  2) ,  as  does  the  plasmid 
pRja61A76 ( lane  1)  f rom the  s low-growing R.  japonicum s t ra in  61A75.  
4 .  In ter - re la tedness  in  s low- and fas t -growing s t ra ins  
Cross-hybr idizat ion between plasmids  i so la ted  from both  s low- and 
fas t -growing s t ra ins  was done in  order  to  determine how c losely  
re la ted  the  plasmids  were  to  each o ther .  The resul ts  of  these  
•so 
hybr id iza t ions  are  shown in  Figures  IC and 2C.  P- labeled pRjaPRC193 
was  hybr idized to  the  Southern  b lot  of  the  DNA d iges t  seen in  Figure  
32 lA (which was  s t r ipped of  previous  P-probe)  and resul ted  in  the  
autoradiogram shown in  Figure  IC.  Ident ica l  bands  common to  the  
labeled probe exis t  in  the  four  s imi lar  lasmids  in  Figure  IC,  lanes  
1-4 .  Hybr idizat ion a lso  occurred wi th  the  p lasmids  in  lanes  5-8 ,  
a l though no s imi lar -s ized band was  common between these  four  d i f ferent  
plasmids .  
32 Homology of  P- labeled pRja61A75 to  the  plasmids  of  fas t -growing 
s t ra ins  i s  shown in  the  autoradiogram in  Figure  2C.  The labeled 
plasmid f rom the  s low-growing s t ra in  (61A76)  hybr id ized to  a  l imi ted  
number  of  bands  in  lanes  3-5 ,  whereas  the  plasmids  in  s t ra in  PRC194 
showed no s igni f icant  hybr idiza t ion.  Note  tha t  the  EcoRI d iges t  of  
p lasmid pRja61A75 in  Figure  2C,  lane  1 ,  was  de l ibera te ly  underexposed 
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to  ident i fy  individual  bands  for  molecular  weight  de terminat ions .  
Al though the  plasmid d iges ts  of  s t ra in  PRC194 in  Figure  2C,  lane  2 ,  
are  a lso  underexposed,  no s igni f icant  increase  in  hybr idizat ion 
s ignals  occurs  wi th  longer  exposures .  
The s igni f icance  of  the  homologous  DNA i s  not  known a t  th is  t ime.  
I t  i s  poss ible  tha t  s imi lar  plasmid DNA sequences ,  such as  an  or ig in  
of  repl ica t ion,  are  common between the  plasmids  of  fas t -  and 
s low-growing R.  japonicu s t ra ins .  However ,  the  fac t  tha t  such a  
l imi ted  amount  of  p lasmid DNA between the  two types  of  japonicu are  
homologous  suggests  tha t  few genes  are  common.  
5 .  Conservat ion of  pRja61A76 in  s low-growing s t ra ins  
To ascer ta in  i f  plasmid DNA sequences  occurred in  to ta l  DNA of  
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s low-growing s t ra ins ,  P- labeled pRja51A75 DNA was  hybr idized to  a  
Southern  b lot  of  EcoRI-diges ted  to ta l  DNA i so la ted  from nine  d i f ferent  
s low-growing Rhizobium japonicum s t ra ins .  The resul t ing autoradiogram 
i s  shown in  Figure  3-  The hybr idiza t ion of  ^^P-pRja61A75 to  to ta l  DNA 
of  a l l  s low-growing s t ra ins  examined i s  the  same as  when the  probe i s  
hybr idized to  the  d iges t ion pat tern  of  the  plasmid i sola ted  from each 
s t ra in .  St ra in  3I lb l23 has  addi t ional  bands ,  which hybr idize  in  common 
wi th  sequences  on pRja61A76 ( lane  9  of  Figure  3B) .  Consequent ly ,  i t  
would seem that  the  DNA present  in  the  plasmid of  s t ra in  51A75 i s  
highly  conserved but  not  a lways  present  in  plasmid form in  other  
s t ra ins .  
Figure  3 .  Gel  e lec t rophores is  of  1-2  ug of  EcoRI d iges ted  to ta l  DNA 
f rom s low-growing s t ra ins  A:  Lane 1  conta ins  bacter iophage 
lambda DNA d iges ted  wi th  HindiI I  (molecular  weights  shown 
in  kb)  and EcoRI (molecular  weights  not  shown) .  Lane 2 ,  
3I lb31;  lane  3 ,  61A76;  lane  4 ,  3I lb71a;  lane  5 ,  3I lb l43; '  
lane  6 ,  3I lb74;  lane  7 ,  3I lb94;  lane  8 ,  3HblI0;  lane  9 ,  
3I lb l23;  lane  10,  AA102.  B:  Hybr idizat ion of  ^^P-pRja51A75 
to  a  Southern  b lot  of  the  gel  in  A;  lane  order  i s  the  same.  
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Our examinat ion of  the  s low-growing s t ra in  Sl lb l lO has  shown tha t  
th is  s t ra in  does  not  harbor  a  plasmid (o ther  than a  poss ible  
megaplasmid not  i so la ted  us ing the  present  procedure) .  However ,  the  
labeled plasmid f rom the  s low-growing s t ra in  61A76 hybr idized wi th  a  
number  of  bands  of  to ta l  DNA f rom Sl lb l lO ( lane  8  of  Figure  3B) .  
Fur thermore ,  severa l  bands  tha t  hybr idize  are  approximate ly  the  same 
s ize  as  the  corresponding f ragments  of  pRja61A76.  This  suggests  a  
conservat ion of  plasmid sequences  and are  in  agreement  wi th  the  s tudy 
of  Haugland and Verma (1981) .  
6 .  Conservat ion of  pRjaPRC193 in  s t ra in  PRC194 
Because  l i t t le  sequence homology exis ts  between the  plasmids  in  
fas t -growing s t ra in  PRC194 and PRC193 (Figure  28,  lane  2) ,  i t  was of  
in teres t  to  determine i f  any plasmid sequences  were  conserved in  the  
chromosome or  a  megaplasmid in  th is  par t icular  s t ra in .  Figure  4  shows 
the  autoradiogram obta ined af ter  EcoRl-diges ted  to ta l  DNA f rom 
32 fas t -growing s t ra ins  was hybr id ized to  P- labeled pRjaPRC193 p lasmid 
DNA. Rather  surpr is ingly ,  pRjaPRC193 plasmid DNA sequences  are  present  
in  s t ra in  PRC194 in  e i ther  a  megaplasmid or  in  the  chromosome (Figure  
4 ,  lane  6) .  Other  fas t -growing s t ra ins  examined in  th is  s tudy a lso  
have a  very  high degree  of  sequence conservat ion wi th  the  labeled 
probe (Figure  4 ,  lanes  1-4) .  A compar ison of  the  hybr idiza t ion of  
^^P- labeled pRjaPRC193 wi th  to ta l  DNA in  Figure  4  and wi th  plasmid DNA 
in  Figure  2  shows a  s igni f icant  increase  in  hybr idizat ion to  to ta l  DNA 
Figure  4 .  Gel  e lec t rophores is  of  1-2  ug of  EcoRI-diges ted  to ta l  DNA 
f rom fas t -growing s t ra ins  A:  Molecular  weight  markers  a re  
bacter iophage lambda ( lane  7)  as  descr ibed in  Figure  3 .  
Lane 1 ,  PRC201;  lane  2 ,  PRC205;  lane  3 ,  PRC2Q6;  lane  4 ,  
PRC191;  lane  5 ,  PRC193;  lane  6 ,  PRC194.  B:  Hybr idizat ion of  
^^P-pRjaPRC193 to  a  Southern  b lot  of  the  gel  in  A;  lane  
content  i s  the  same.  
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with  these  s t ra ins .  However ,  the  amount  of  a  par t icular  s t ra in ' s  
individual  p lasmids  vary  because  of  the  amount  of  the  f ragi le  large  
plasmids  in  each s t ra in .  Also ,  the  s ize  of  the  plasmids  harbor ing n i f  
genes  var ies  great ly :  f rom H2Mdal  in  s t ra in  PRC205 to  240 Mdal  in  
s t ra in  PRC191.  Therefore ,  i t  i s  s ignif icant  tha t  the  plasmid 
pRjaPRC193 exis ts  in  a l l  the  fas t -growing s t ra ins  wi th  such a  large  
amount  of  sequence conservat ion,  
7 .  Nif  sequence conservat ion in  s low-growing s t ra ins  
I t  was  of  in teres t  to  obta in  an es t imate  of  the  sequence 
conservat ion of  n i f  genes  in  s low-growing s t ra ins .  To answer  th is  
quest ion pRmR2 DNA (conta ining n i f  DH genes  f rom R.  mel i lo t i )  was  
hybr idized to  a  Southern  b lo t  of  EcoRl  d iges ted  to ta l  DNA f rom nine  
d i f ferent  s low-growing s t ra ins .  Six  of  the  nine  s t ra ins  examined have 
ident ica l  hybr idiza t ion pat terns  wi th  re la t ively  s t rong hybr idizat ion 
to  a  11.0  kb f ragment .  A 4 .2  kb f ragment  a lso  hybr idized as  did  two 
re la t ively  weak s ignals  of  3 .3  and 5 .4  kb,  (Figure  5 ,  lanes  2-7) .  A 
1 .8  kb band f rom s t ra in  51A76 tha t  hybr idized i s  due to  homology wi th  
the  vector .  
The p lasmidless  s t ra in  3I lb l lO had a  d i f ferent  hybr idiza t ion 
pat tern  wi th  the  nvf  probe in  which two bands  of  2 .8  and 5 .1  kb 
hybr idized s t rongly  and a  2 .0  kb band hybr idized re la t ively  weakly  
(Figure  5 ,  lane  1) .  The two o ther  s t ra ins  examined,  AA102 and 
3I lb l23,  both  conta in  plasmids .  The hybr idiza t ion pat tern  of  the  n i f  
32 Figure  5 :  Hybridizat ion of  P- labeled pRmR2 (conta ining ni f  DH f rom 
R.  mel i lo t i )  to  EcoRI-diges ted  to ta l  DMA f rom s low-growing s t ra ins  
Lane 1 ,  3I lb l lO;  lane  2 ,  3I lb94;  lane  3 ,  3I lb74;  lane  4 ,  3I lb l43;  lane  
5 ,  3I lb71a;  lane  6 ,  61A76;  lane  7 ,  3I lb31;  lane  8 ,  AA102.  Molecular  
weights  a re  in  kb and are  expla ined in  the  text .  
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genes  in  each of  these  s t ra ins  i s  d is t inct ly  d i f ferent .  St ra in  AA1Û2 
(Figure  5 ,  lane  8)  has  two large  bands  of  12.0  and 13.7  kb tha t  
hybr idize  and s t ra in  3I lb l23 ( resul ts  not  shown)  conta ins  a  2 .8-kb 
f ragment ,  common to  the  same s ized f ragment  in  3I lb l lO,  and two o ther  
bands  of  5 .5  and 8 .4  kb.  Therefore ,  a  great  amount  of  conservat ion of  
n i f  gene sequences  i s  found in  the  nine  s t ra ins  examined;  a l though no 
def in i t ive  corre la t ion may be  made as  to  the  s ize  of  a  hybr idiz ing ni f  
f ragment  and the  presence  or  absence of  a  p lasmid(s)  in  the  
s low-growing s t ra ins .  
8 .  Nif  sequence conservat ion in  fas t -growing s t ra ins  
The locat ion of  s t ructura l  n i f  genes  have previously  been 
determined to  be  on la rge  plasmids  in  the  fas t -growing s t ra ins ,  except  
for  s t ra in  PRC194 (Masterson e t  a l . ,  1982) .  The 75-  and 145-Mdal  
p lasmids  in  s t ra in  PRC194 d id  not  conta in  s t ructura l  n i f  genes .  To 
es t imate  the  sequence conservat ion of  n i f  DN.A in  fas t -growing R.  
japonicum s t ra ins ,  the  Southern  b lot  conta ining '  these  plasmids  (see  
Figure  2)  was  s t r ipped of  ^^P-probe and hybr idized wi th  ^^P- labeled 
pRmR2 DNA. The resul ts  are  presented in  Figure  5A.  Every s t ra in  wi th  
s t ructura l  n i f  genes  on a  large  plasmid conta ined the  same EcoRl  s ize  
f ragments ,  4 .2  and 4 .9  kb,  which hybr idized wi th  the  labeled n i f  
probe.  As expected,  no hybr id iza t ion was  observed wi th  the  plasmid 
pRja61A76 f rom the  s low-growing s t ra in  ( lane  1  of  Figure  6A) or  wi th  
the  plasmids  i so la ted  from fas t -growing s t ra in  PRC194 ( lane  2  of  
32 Figure  6 .  Hybr idizat ion of  P-pRmR2 (conta ining n i f  DH f rom R.  
mel i lo t i )  to  EcoRI d iges ted  plasmid DMA f rom fas t -growing 
s t ra ins  A:  The Southern  b lot  of  the  gel  in  Figure  2  was  
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s t r ipped of  P-probe (as  descr ibed in  the  Mater ia ls  and 
Methods  sec t ion)  and hybr idized wi th  the  n i f  probe.  Lane 1 ,  
pRja61A76;  lane  2 ,  pRjaPRC194a,b;  lane  3 ,  pRjaPRC201a,b;  
lane  4 ,  pRjaPRC205a,b ,c ;  lane  5 ,  pRjaPRC206a,b ,c ;  lane  5 ,  
pRjaPRC191a,b;  lane  7 ,  pRjaPRC193.  B:  ^^P-pRmR2 hybr idized 
to  EcoRI d iges ted  to ta l  DNA f rom fas t -growing s t ra ins .  The 
Southern  b lot  of  the  gel  in  Figure  4  was  s t r ipped of  
32 P-probe and hybr idized wi th  the  n i f  probe.  Molecular  
weights  shown are  the  s izes  in  Kb of  the  EcoRI f ragments  
tha t  hybr idize  wi th  the  n i f  probe.  
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12 Figure  5A).  Fur thermore ,  when the  P- labeled n i f  DNA was  hybr idized 
to  to ta l  DNA f rom fas t -growing s t ra ins  (as  in  Figure  4) ,  the  same 
s ized bands  hybr idized to  s t ra in  PRC194 DNA ( lane  5  of  Figure  5B) .  
These  data  indicate  that  n i f  s t ructura l  genes  are  h ighly  conserved 
even though the i r  locat ion may be  on a  112-Mdal  p lasmid In  s t ra in  
PRC205,  or  p lasmids  larger  than 190 Mdal  in  s t ra ins  PRC191,  PRC193,  
PRC201,  and PRC206,  as  wel l  on a  megaplasmid or  the  chromosome in  
s t ra in  PRC194.  
9 .  Nod sequence conservat ion in  s low- and fas t -growing s t ra ins  
Using cos t ramid c lone pRmSL25 conta ining a  nodula t ion gene f rom 
R.  mel i lo t i  (Long e t  a l . ,  1982)  ( the  kind g i f t  of  S .  Long and F .  
Ausubel ,  Harvard  U.)  a l lowed the  fur ther  i sola t ion of  a  3 .5  kb 
f ragment  known to  carry  essent ia l  nod genes  (S .  Long,  S tanford  U. ,  
personal  communicat ion) .  The nod probe was  i so la ted  by R.  K.  Prakash 
in  th is  laboratory .  When th is  nod f ragment  was  hydr idized to  
EcoRl-diges ted  plasmid DNA f rom fas t -growing s t ra ins ,  the  resul t  was  
tha t  both  common and unique bands  of  the  large  plasmids  hybr idized 
(Figure  7A).  Lane 1  of  Figure  7A conta ins  an EcoRi  d iges t  of  to ta l  DNA 
f rom s t ra in  PRC194.  Al though n i f  genes  are  conserved in  th is  s t ra in  
s imi lar ly  to  those  of  o ther  fas t -growing R^ japonicum s t ra ins  
examined,  the  nodula t ion genes  seem to  have two bands  in  common (11.2  
kb and 5 .3  kb)  wi th  EcoRl  f ragments  of  p lasmids  f rom s t ra ins  PRC201,  
PRC191,  and PRC193 (Figure  7A,  lanes  2 ,  5 ,  and 5) .  However ,  a  smal ler  
op 
Figure  7 .  Hybr idizat ion of  P- labeled nod genes  to  EcoRI d iges ted  plasmid DNA f rom 
fas t -growing s t ra ins  A:  A 3 .5  Kb EcoRI-BamHI f ragment ,  i so la ted  from a  c lone known 
to  carry  nod genes  (descr ibed in  the  text )  was  hybr idized to  a  Southern  b lot  
conta ining:  lane  1 ,  to ta l  DNA of  PRC194;  lane  2 ,  pRjaPRC201a,b;  lane  3 ,  
pRjaPRC205a,b ,c ;  lane  4 ,  pRjaPRC206a,b ,c ;  lane  5 ,  pRjaPRC191a,b;  lane  6 ,  pRjaPRC193.  
B:  Hybr idizat ion of  the  same nod probe to  EcoRI d iges ted  to ta l  DNA f rom s low-growing 
s t ra ins  under  reduced s t r ingency condi t ions .  Lane 1 ,  3I lb31;  lane  2 ,  61A76;  lane  3 ,  
31 lb / la ;  lane  4 ,  3I lb l43;  lane  5 ,  3I lb74;  lane  6 ,  3I lb94;  lane  7 ,  3I lb l lO;  lane  8 ,  
3I lb l23;  and lane  9 ,  AA102.  Molecular  weights  shown are  the  s izes  in  kb which 
hybr idize  wi th  the  nod probe.  
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band (4 .8  kb)  i s  common between plasmids  i so la ted  from s t ra ins  PRC194 
and PRC206 (Figure  7A,  lanes  1  and 4) .  This  hybr idiza t ion assay 
indicates  tha t  some d ivers i ty  exis ts  in  the  EcoRl  res t r ic t ion enzyme 
s i tes  of  nodula t ion genes  in  fas t -growing R.  japonicum.  
In  contras t ,  the  same 3 .5-kb f ragment  hybr idized very  weakly  to  
to ta l  DNA f rom s low-growing s t ra ins  under  the  hybr idiza t ion condi t ions  
used in  th is  s tudy.  Under  specia l ,  reduced hybr idiza t ion condi t ions  
some hybr idiza t ion i s  observed wi th  the  same probe.  Figure  7B shows 
the  resul t  of  hybr idiza t ion wi th  the  nod probe and EcoRI d iges ted  
to ta l  DNA f rom s low-growing s t ra ins .  Three  bands  are  predominnant  in  
the  hybr idiza t ions  (13.5  kb,  4 .3  kb and 2 .7  kb) .  I t  i s  unknown a t  th is  
t ime whether  the  bands  which hybr idized are  t rue  nod homologous  
sequences .  The conservat ion of  s imi lar  s ized EcoRI bands  does ,  
however ,  indicate  some type  of  common re la tedness .  These  resul ts  
suggest  tha t  s igni f icant ly  d i f ferent  DNA sequences  are  involved in  the  
symbiot ic  event  of  nodula t ion by s low-growing R.  japonicum.  
10.  Signif icance  of  DNA re la tedness  in  R.  japonicum 
The goal  of  th is  s tudy was  to  determine the  amount  of  re la tedness  
wi thin  and between the  plasmid DNA of  s low- and fas t -growing s t ra ins  
of  R.  japonicum and to  re la te  th is  informat ion to  the  conservat ion of  
genes  tha t  have symbiot ic  importance .  I t  i s  evident  f rom the  
hybr idiza t ion assays  in  th is  s tudy that  a  considerable  amount  of  
in t ra- re la tedness  exis ts  between plasmid DNA sequences  wi th in  s low-
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and fas t -growing R.  japonicum.  The plasmid pRja51A75,  f rom 
s low-growing R.  japonicum s t ra in  51A75,  i s  highly  conserved in  s t ra ins  
from diverse  ecological  and geographical  locat ions  in  the  Uni ted  
Sta tes  and India .  S t ra ins  51A76 and 3I lb31 are  in  serogroup c3 ,  and 
s t ra ins  3I lb71a and 3I lb l43 are  in  serogroups  c2  and 110-122,  
respect ively  (Table  1) .  Each of  the  o ther  s low-growing R.  japonicum 
s t ra ins  examined fa l l  in to  d i f ferent  serogroups;  however ,  ant ibody 
from s t ra ins  3I lb l lO and 3I lb l43 do cross-react  wi th  each o ther  
(Keyser  and Weber ,  1979) .  Consequent ly ,  no overa l l  corre la t ion 
seemingly  exis ts  between the  plasmid content  of  a  s t ra in  and i t s  
serological  group.  
The c lass i f ica t ion of  ^  japonicum s t ra ins  by solut ion 
hybr idizat ion of  to ta l  DNA (Mol l is  e t  a l .  1981)  des ignates  3I lb31,  
51A76,  and 3I lb94 to  the  same DNA homology group.  From our  da ta ,  i t  
would,  seem that  s t ra ins  3I lb31 and 61A75 are  very  c losely  re la ted .  
However ,  s t ra in  3I lb94,  wi th  a  d i f ferent  plasmid prof i le ,  must  have a  
re la ted  chromosomal  background.  The hybr idiza t ions  of  Mol l is  e t  a l .  
(1981)  measured the  amount  of  homology between DNA based on solut ion 
hybr idizat ions  of  DNA i so la ted  from a  var ie ty  of  japonicum s t ra ins .  
The hybr idiza t ions  were  performed a t  two d i f ferent  temperatures  in  
order  to  vary  the  s t r ingency of  the  hybr idiza t ion condi t ions .  Al though 
th is  type of  hybr idiza t ion has  value ,  especia l ly  in  the  number  of  
hybr idiza t ions  that  can be  performed s imul taneously ,  i t  does  not  a l low 
four  important  p ieces  of  informat ion revealed by Southern  
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hybr id iza t ions .  F i r s t ,  the  res t r i c t ion  d iges ted  and  immobi l i zed  DNA on  
the  n i t roce l lu lose  f i l t e r s  a l low the  de te rmina t ion  o f  exac t ly  which  
bands  o f  DNA a re  homologous  to  the  l abe led  DNA p robe .  Second ,  the re  i s  
a  cho ice  as  to  the  type  o f  DNA on  the  f i l t e r  as  wel l  a s  the  DNA used  
as  a  l abe led  probe .  Tha t  i s ,  p lasmid  DNA may  be  immobi l i zed  on  the  
f i l t e r  and  hybr id ized  wi th  l abe led  p lasmid  DNA.  The  so lu t ion  
hybr id iza t ions  per formed  by  Mol l i s  e t  a l .  (1981)  were  done  wi th  to ta l  
DNA which  inc ludes  bo th  p lasmid  and  chromosomal  DNA.  I f  the  p lasmids  
o f  two s t ra ins  were  iden t ica l  bu t  the  chromosomal  background  was  
d i f fe ren t  i t  would  no t  be  de te rmined  by  the  so lu t ion  hybr id iza t ion  
t echn ique .  Th i rd ,  the  loca t ion  o f  DNA sequences  may  be  de te rmined  by  
hybr id iz ing  l abe led  probes  to  hybr id iza t ion  f i l t e r s  which  con ta in  
p lasmid  DNA,  t o ta l  DNA,  o r  bo th  types  ind iv idua l ly .  Four th ,  the  use  o f  
Genescreen  hybr id iza t ion  membrane  (New England  Nuc lea r )  in  th i s  s tudy  
has  a l lowed  the  remova l  o f  l abe led  probe  such  tha t  the  immobi l i zed  DNA 
on  the  f i l t e r  cou ld  be  rehybr id ized .  
The  hybr id iza t ion  condi t ions  employed  in  th i s  s tudy  were  
r e la t ive ly  s t r ingen t  and  non-homologous  hybr id iza t ion  was  no t  
observed .  Lambda  bac te r iophage  DNA was  inc luded  as  a  nega t ive  con t ro l  
on  a l l  hybr id iza t ion  f i l t e r s  and  occas iona l ly  p lasmid  pRja61A76 as  
e i the r  a  nega t ive  o r  a  pos i t ive  con t ro l .  Fur thermore ,  the  same 
hybr id iza t ion  resu l t s  were  ob ta ined  as  those  by  Haugland  and  Verma 
(1981) ,  who  used  a  d i f fe ren t  Southern  hybr id iza t ion  p rocedure ,  in  tha t  
the  s low-growing  s t ra in  3 I lb l lO,  which  has  no  r ead i ly  i so la tab le  
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plasmid ,  con ta ins  sequences  homologous  to  pRja51A75.  
The  s low-growing  s t ra in  3 I lb l23 ,  which  does  con ta in  p lasmid  DNA 
(a l though  non-homologous  to  pRja61A75) ,  a l so  con ta ins  sequences  in  i t s  
genome tha t  c ross -hybr id ize  wi th  the  p lasmid  pRja61A75.  Inasmuch  as  
th i s  p lasmid  i s  h igh ly  conserved  i t  i s  poss ib le  tha t  in format ion  on  
the  p lasmid  may  be  o f  s ign i f i can t  va lue .  Ber ry  and  Ather ly  (1984)  
r ecen t ly  have  desc r ibed  genome rea r rangements  p rompted  by  R-group  
p lasmids .  Perhaps  p lasmid  DNA in  R.  j apon icum undergoes  exc i s ion  and  
in tegra t ion  wi th  i t s  hos t  chromosome and  may  exp la in  the  presence  o f  
p lasmid  sequences  in  the  chromosome o r  megaplasmid  o f  s t ra ins  S l lb l lO 
and  PRC194.  
The  p lasmid  pRjaPRC193,  i so la ted  f rom fas t -g rowing  R_j_  j apon icum 
s t ra in  PRC193,  a l so  i s  h igh ly  conserved  in  the  fas t -g rowing  s t ra ins .  
Ana logous  to  the  f ind ing  o f  pRja51A75 sequences  in  p lasmid less  
s low-growing  s t ra in  3 I lb l lO,  the  p lasmid  sequences  o f  pRjaPRC193 a re  
in  a l l  fas t -g rowing  s t ra ins  as  wel l  a s  in  s t ra in  PRC194,  which  does  
no t  con ta in  symbios i s  genes  on  i t s  p lasmids .  S t ra in  PRC194 con ta ins  
p lasmids  wi th  l i t t l e  or  no  homology  wi th  pRjaPRC193.  There fore ,  i t  
seems  tha t  the  p lasmid  pRjaPRC193 sequences  a re  in tegra ted  in to  s t ra in  
PRC194 DNA and  a re  p resen t  as  an  essen t ia l  ingred ien t  o f  a l l  R .  
j apon icum fas t -g rowing  s t ra ins .  I t  i s  c lea r  tha t  p lasmid  pRjaPRC193 i s  
h igh ly  conserved  in  the  fas t -g rowing  s t ra ins  i so la ted  f rom d iverse  
p rov inces  in  the  People ' s  Republ ic  o f  China .  
DNA sequence  homology  s tud ies ,  us ing  the  Southern  hybr id iza t ion  
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t echn ique ,  by  Jouan in  e t  a l .  (1981)  have  shown d i f fe ren t  d iges t  
pa t t e rns  and  conserved  reg ions  o f  homology  in  the  p lasmids  o f  R .  
me l i lo t i ,  which  i s  s imi la r  to  the  resu l t s  tha t  we have  p resen ted  fo r  
the  p lasmids  o f  fas t -g rowing  ^  japonicum in  th i s  s tudy .  However ,  the  
conserved  sequences  d id  no t  con ta in  reg ions  wi th  homology  to  n i t rogen  
f ixa t ion  probes .  Hybr id iza t ion  wi th  a  nodula t ion  probe  was  no t  
ava i lab le  and  consequen t ly  no t  used  in  th i s  par t i cu la r  s tudy .  
There fore ,  the  work  o f  Jouan in  e t  a l .  (1981)  demons t ra tes  conserva t ion  
o f  sequences  which  may  o r  may  no t  be  invo lved  in  the  symbios i s  
p rocess .  Other  DNA homology  s tud ies  (Hoi l i s  e t  a l . ,  1981;  Ja rv i s  e t  
a l . ,  1983)  show wide  va r ia t ion  in  the  re la tedness  o f  Rhizob ia .  Hoi  l i s  
e t  a l .  (1981)  separa ted  the  s low-growing  R.  j aponicum in to  th ree  
separa te  homology  g roups  based  on  so lu t ion  hybr id iza t ions .  Ja rv i s  e t  
a l .  (1983)  showed  va r iab le  conserva t ion  be tween  d i f fe ren t  Rhizob ium 
spec ies  based  on  hybr id iza t ions  wi th  c loned  nodula t ion  sequences .  
Homology  be tween  p lasmids  i so la ted  f rom A.  tumefac iens ,  a  
bac te r ium of  the  same fami ly  as  Rhizob ium and  respons ib le  fo r  tumor  
induc t ion  (T i )  in  d ico ty ledenous  p lan t s ,  have  revea led  h igh ly  
conserved  reg ions  in  a  l a rge  number  o f  d i f fe ren t  s t ra ins  (Orummond and  
Chi l ton ,  1978;  Knauf  e t  a l . ,  1983;  and  Thomashow e t  a l . ,  1981) .  
Cos tan t ino  e t  a l .  (1981)  has  demons t ra ted  a  g rea t  dea l  o f  conserva t ion  
in  the  p lasmids  o f  ano ther  spec ies  o f  Aqrobac te r ium,  tha t  be ing  A.  
rh izoqenes .  Re la tedness  be tween  wide  hos t  range  oc top ine  and  nopa l ine  
Ti  p lasmids  i s  6-15% whereas  the  homology  be tween  l imi ted  hos t  range  
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oc top ine  Ti  p lasmids  i s  approx imate ly  64% (Thomashow e t  a l . ,  1981) .  
The  same may  be  t rue  fo r  l a rge  p lasmids  in  ^  japonicum and  o ther  
Rhizob ia  spec ies  which  con ta in  hos t - spec i f i c i ty  genes  respons ib le  fo r  
recogni t ion  o f  a  spec i f i c  hos t .  
S t ruc tu ra l  n i f  genes  a re  s t rong ly  conserved  in  a l l  
n i t rogen- f ix ing  organ isms  (Ruvkun  and  Ausube l ,  1980) .  The  n i f  genes  in  
s low-growing  s t ra in  S l lb l lO have  been  c loned  and  charac te r ized  by  
Hennecke  and  o thers  (Fuhrmann  and  Hennecke ,  1982;  Hennecke ,  1981;  and  
Kaluza  e t  a l . ,  1983) .  In  th i s  s tudy ,  hybr id iza t ion  us ing  a  n i fPH probe  
f rom a  ^  mel i lo t i  s t r a in  has  shown s t rong  o rgan iza t iona l  conserva t ion  
in  s ix  of  the  n ine  s low-growing  s t ra ins  examined .  The  o rgan iza t ion  o f  
n i f  in  these  s t ra ins  does  no t  seem to  be  r e la ted  to  the  presence  o r  
absence  o f  a  pa r t i cu la r  p lasmid .  Hybr id iza t ion  wi th  the  same n i f  p robe  
to  fas t -g rowing  s t ra ins  showed  an  iden t ica l  hybr id iza t ion  pa t t e rn  to  
p lasmids  harbor ing  n i f  DNA a s  wel l  a s  to  s t ra in  PRC194,  which  con ta ins  
n i f  genes  on  a  megaplasmid  o r  the  chromosome.  Hybr id iza t ion  wi th  
ind iv idua l  n i f  f ragments  has  revea led  tha t  two cop ies  o f  n i f  
s t ruc tu ra l  genes  may  be  p resen t  in  the  fas t -g rowing  ^  japonicum ( J .  
Not i ,  Depar tment  o f  P lan t  Bio logy ,  Boyce  Thompson  Ins t i tu te ,  persona l  
communica t ion) .  Re i te ra t ion  of  n i f  genes  has  been  repor ted  in  R.  
phaseo l i  by  Quin to  e t  a l .  (1982)  and  i s  the re fore  no t  a  to ta l ly  
unexpec ted  phenomena .  
Modula t ion  gene  sequences  do  no t  seem to  be  ex tens ive ly  re la ted  
be tween  s low-  and  fas t -g rowing  R.  j aponicum s t ra ins .  A 3 .5 -kb  nod  
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probe ,  o r ig ina l ly  i so la ted  f rom R.  mel i lo t i  cos t ramid  pRmSL26 (Long  e t  
a l . ,  1982)  and  known to  ca r ry  essen t ia l  nodula t ion  genes  (S .  Long ,  
Depar tment  o f  Gene t ics ,  S tanford  U. ,  pe rsona l  communica t ion)  
hybr id ized  to  severa l  EcoRI  f ragments  o f  p lasmid  DNA i so la ted  f rom 
fas t -g rowing  R.  j aponicum s t ra ins .  A c lone  ca r ry ing  the  11 .2 -kb  
f ragment  was  t r ans formed  in to  Aqrobac te r ium tumefac iens ,  which  has  
r esu l ted  in  the  fo rmat ion  o f  nodules  (R .  K.  P rakash  and  A.  G.  Ather ly ,  
Depar tment  o f  Gene t ics ,  Iowa  S ta te  Univers i ty ,  pe rsona l  
communica t ion) .  S i t e -d i rec ted  mutagenes i s  (Ruvkun  and  Ausube l ,  1981)  
i s  now be ing  per formed  to  de te rmine  the  exac t  loca t ion  o f  the  
nodula t ion  genes .  The  o ther  bands  tha t  have  hybr id ized  wi th  the  nod  
p robe  a l so  a re  be ing  inves t iga ted .  However ,  the  hybr id iza t ion  o f  th i s  
probe  to  the  to ta l  DNA o f  s low-growing  R.  j apon icum y ie lded  resu l t s  
on ly  under  reduced  s t r ingency  condi t ions  and  the  bands  which  
hybr id ized  may  o r  may  no t  be  au then t ic  nod  sequences .  Tha t  such  
d i f fe rences  ex i s t  be tween  nodula t ion  genes  o f  the  s low-  and  
fas t -g rowing  s t ra ins  ind ica tes  a  poss ib le  evo lu t ionary  d ivergence  in  
the  nodula t ion  p roper t i es  o f  these  bac te r ia l  symbion ts .  
In  conc lus ion ,  the  gene t ic  con ten t  o f  s low-  and  fas t -g rowing  
s t ra ins  var ies  wi th  respec t  to  the  o rgan iza t ion  and  loca t ion  of  
symbio t ic  and  n i t rogen- f ixa t ion  genes  and  the i r  amount  o f  r e la tedness .  
The  ab i l i ty  of  bo th  types  o f  s t ra ins  to  nodula te  a  s ing le  soybean  
cu l t iva r  (Keyser  e t  a l . ,  1982)  and  ye t  hybr id ize  under  d i f fe ren t  
condi t ions  to  a  common nodula t ion  p robe ,  ind ica tes  the  p resence  o f  
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other  modula t ion  genes .  The  nodula t ion  genes  o f  bo th  s low-  and  
fas t -g rowing  R.  j apon icum now a re  be ing  examined  in  de ta i l  in  o rder  to  
de te rmine  the  gene t ic  bas i s  o f  nodula t ion  in  the  bac te r ia l  symbion t  o f  
the  soybean  p lan t .  
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I I I .  COSMID CLONING AND MAPPING 
A LARGE RHIZQBIUM JAPONICUM PLASMID 
A.  In t roduc t ion  
In  the  l a s t  sec t ion ,  the  p lasmid  pRjaPRC193 f rom fas t -g rowing  
s t ra in  PRC193 was  used  as  a  hybr id iza t ion  probe  and  a l so  to  de te rmine  
the  p lasmid  loca t ion  of  s t ruc tu ra l  n i f  and  nod  sequences .  In te res t ing  
phenomena  inc lud ing  re i t e ra t ion  of  symbio t ic  genes  and  the  presence  o f  
the  p lasmid  in  the  chromosome o f  ano ther  s t ra in  were  observed .  Of  a l l  
the  fas t  growing  s t ra ins  examined  i t  was  on ly  PRC193 which  con ta ined  a  
s ing le ,  350  kb  p lasmid .  The  examina t ion  and  use  o f  a  s ing le  p lasmid  
e l imina ted  prob lems  assoc ia ted  wi th  the  separa t ion  o f  mul t ip le  
p lasmids  wi th in  a  g iven  fas t -g rowing  s t ra in .  There fore ,  a  phys ica l  and  
gene t ic  map  o f  pRjaPRC193 seemed  an  impor tan t  a spec t  o f  the  l abora to ry  
goa l  o f  unders tand ing  R.  j apon icum a t  the  molecu la r  l eve l .  
Only  a  few examples  ex i s t  o f  phys ica l  and  gene t ic  maps  in  
Rhizob ium.  Prakash  e t  a l .  (1982)  p resen ted  ev idence  fo r  a  r es t r i c t ion  
map o f  pRle lOOIa ,  a  225  Kb p lasmid  harbor ing  symbio t ic  genes ,  f rom R.  
1  equminosarum.  The  225  Kb non-symbio t ic  p lasmid  pRme41a  o f  ^  mel i lo t i  
was  phys ica l ly  mapped  wi th  r es t r i c t ion  enzymes  by  Banfa lv i  e t  a l .  
(1981) .  Another  s tudy  phys ica l ly  and  gene t ica l ly  mapped  a  135  Kb 
r eg ion  o f  pRme41b ,  a  megaplasmid  con ta in ing  symbio t ic  genes  in  R.  
me l i lo t i  (Kondoros i  e t  a l .  1984) .  Other  mapping  s tud ies  o f  Rhizob ium 
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have  concen t ra ted  on  spec i f i c  reg ions  con ta in ing  genes  invo lved  wi th  
symbios i s  and  have  ignored  the  sequences  su r rounding  these  a reas  (Long  
e t  a l . ,  1982;  Schof ie ld  e t  a l . ,  1983) .  
The  mos t  s ign i f i can t  obs tac le  encounte red  in  mapping  a  Rhizob ium 
p lasmid  i s  the i r  l a rge  s i ze .  S imple  p lasmid  mapping  schemes  have  been  
used  to  map  many  d i f fe ren t  types  o f  DNA (Smi th  and  B i rns t i e l ,  1976) .  
These  schemes  invo lve  c lon ing  15  Kb o r  l e ss  inse r t  molecu les  in to  a  
smal l  vec to r  such  as  pBR322.  The  p lasmids  pRle lOOla  and  pRme41a  
ment ioned  above  were  mapped  in  th i s  way  wi th  the  a id  o f  Southern  
hybr id iza t ions .  However ,  fo r  p lasmids  l a rger  than  100  kb ,  th i s  type  o f  
s imple  mapping  i s  t ed ious  and  t ime  consuming .  Compute r  p rograms  a re  
now ava i lab le  fo r  res t r i c t ion  mapping  and  a re  espec ia l ly  va luab le  wi th  
smal l  c lones ,  bu t  a re  l imi ted  as  to  the  s i ze  of  DNA be ing  mapped  
(Nolan  e t  a l . ,  1984) .  Impor tan t  advances  us ing  Lambda  bac te r iophage  as  
a  c lon ing  veh ic le ,  r esu l ted  in  methods  whereby  up  to  46  Kb o f  inse r t  
DNA cou ld  be  ' packaged '  in  a  s ing le  c lone .  Th is  method  i s  ca l l ed  
cosmid  c lon ing  and  was  used  in  th i s  s tudy  (Col l ins  and  Hohn ,  1978) .  
The  cosmid  vec to r  used  was  pVK102 which  con ta ined  21  Kb inse r t s  o f  
Hind i I I  d iges ted  pRjaPRC193.  
The  o ther  major  obs tac le  met  in  th i s  s tudy  was  the  occur rence  o f  
many  repea ted  sequences .  Not  on ly  were  the  symbio t ic  genes  r e i t e ra ted ,  
bu t  o ther  sequences  were  a l so  repea ted  th roughout  the  p lasmid  
pRjaPRC193.  Th is  meant  tha t  Southern  hybr id iza t ions ,  inc lud ing  a  new 
t echn ique .  Southern  c ross  r es t r i c t ion  mapping ,  were  d i f f i cu l t  to  
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in te rpre t  due  to  ex t ra  bands  hybr id iz ing .  Walk ing  a round  the  p lasmid  
us ing  cosmid  c lones  as  p robes  was  severe ly  res t r i c ted  by  th i s  
impor tan t  f ac to r .  However ,  va luab le  in format ion  was  ob ta ined  and  
con t r ibu ted  to  the  map o f  l a rge  reg ions  o f  pRjaPRC193.  
Over  90»  o f  the  p lasmid  has  been  mapped  wi th  Hind l l l ,  Hpa l  and  
Kpnl ,  inc lud ing  a  s ing le  s t re tch  over  240  Kb long  con ta in ing  the  
symbios i s  genes .  As  o f  the  wr i t ing  o f  th i s  thes i s ,  the  reg ions  o f  the  
p lasmid  pRjaPRC193 mapped  in  th i s  s tudy  represen t  the  l a rges t  phys ica l  
and  gene t ic  map  o f  any  p lasmid  in  Rhizob ium o r ,  a s  fa r  as  can  be  
de te rmined ,  any  s t ra in  of  bac te r ia .  A comple te  c i rcu la r  map  i s  s t i l l  a  
goa l  o f  th i s  l abora to ry  and  i s  be ing  pursued  a t  th i s  t ime .  
B .  Mate r ia l s  and  Methods  
1 .  Bac te r ia l  s t ra ins  and  media  
E .  co l i  K12 s t r a in  HBlOl  (Boyer  and  Roul land-Dusso ix ,  1959)  and  
E .  co l i  l ambda  bac te r iophage  packag ing  s t ra ins  NS423  and  NS433  
(S te rnberg  e t  a l . ,  1977)  were  ob ta ined  f rom David  Morr i s ,  Dept .  o f  
Gene t ics ,  Iowa  S ta te  U.  E .  co l i  K12 s t r a in  HBlOl(pVK102)  was  used  as  
the  source  o f  the  broad  hos t - range  c lon ing  vec tor  pVK102 (Knauf  and  
Nes te r ,  1982)  and  was  ob ta ined  f rom Vic  Knauf ,  Univers i ty  o f  
Wash ing ton ,  Sea t t l e ,  WA.  
E .  co l i  s t ra ins  were  grown in  s tandard  LB medium which  con ta ined  
per  l i t e r :  10  g  Bac to- t ryp tone  (Di fco) ;  5  g  yeas t  ex t rac t ;  and  10  g  
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NaCl .  LB medium used  in  t ransduc t ion  assays  con ta ined  0 .4% mal tose .  
2 .  P lasmid  i so la t ion  and  ge l  e lec t rophores i s  
I so la t ion  o f  in tac t  p lasmid  DNA f rom ^  japonicum and  co l i  
were  done  accord ing  to  the  methods  desc r ibed  in  Sec t ion  I I .  Agarose  
ge l  e lec t rophores i s  condi t ions  were  a l so  the  same as  desc r ibed  in  
Sec t ion  I I  excep t ,  however ,  d i f fe ren t  condi t ions  were  used  fo r  ge l s  in  
the  Southern  Cross  a ssays .  In  these  assays ,  e lec t rophors i s  was  
per fo rmed  us ing  0 .7% agarose  ge l s  (Seakem)  5mm th ick  and  20  by  25  cm 
in  s i ze .  A s ing le  comb,  18 .5  cm wide ,  0 .1  cm th ick ,  was  used  to  cas t  a  
l a rge  t rough  fo r  the  app l ica t ion  of  DNA.  Usua l ly  4 -5  ug  o f  d iges ted  
p lasmid  DNA,  suspended  in  300  u l  o f  low TE (10  mM Tr i s  (pH 3 .0 ) ,  and  1  
mM EDTA)  and  30  u l  o f  t r ack ing  dye  (50% F ico l ,  0 .25% bromophenol  
b lue) ,  was  ca re fu l ly  l ayered  in to  the  we l l .  Opt imum e lec t rophores i s  
condi t ions  were  2  V/cm fo r  18  h  a t  room tempera tu re .  Under  these  
condi t ions ,  d iges ted  DNA f ragments  were  separa ted  as  sharp ,  l inear  
bands ,  which  were  subsequen t ly  s t a ined  wi th  e th id ium bromide  (0 .5% 
ug /ml )  and  pho tographed  as  desc r ibed  in  Sec t ion  I I .  
3 .  Cosmid  c lon ing  
The  in  v i t ro  packag ing  method  o f  S te rnberg  e t  a l .  (1977) ,  wi th  
modi f ica t ions  made  by  David  Morr i s ,  Iowa  S ta te  U. ,  was  used  in  the  
cosmid  c lon ing  o f  pRjaPRC193.  An overn igh t  cu l tu re  o f  E .  co l i  s t ra in  
NS428  was  examined  fo r  con taminan ts  and  1 .5  ml  was  added  to  150  ml  o f  
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ml o f  LB b ro th .  S imi la r ly  ,  7 .5  ml  o f  s t ra in  NS433  was  added  to  750  ml  
o f  LB b ro th .  Both  cu l tu res  were  sub jec ted  to  v igorous  shak ing  a t  32°  C 
un t i l  an  O.D.g^Q o f  0 .2  was  a t t a ined  fo r  each  cu l tu re .  Each  cu l tu re  
was  b rought  to  45°  C in  ho t  wa te r  in  o rder  to  induce  the  lysogens  and  
were  then  p laced  a t  37°  C fo r  an  add i t iona l  90  minu tes  wi th  v igorous  
shak ing .  Af te r  50  minu tes  o f  shak ing  a t  37°  C ,  one  ml  samples  were  
removed  and  t e s ted  fo r  lysogeny  wi th  ch loroform.  At  the  end  o f  90  
minu tes ,  each  f l ask  was  r ap id ly  coo led  in  an  i ce -wate r  ba th .  
A mix ture  o f  150  ml  each  o f  the  co ld  s t ra ins  NS428  and  NS433  were  
cen t r i fuged  a t  8 ,000  rpm,  4°  C ,  in  a  Sorva l l  cen t r i fuge  fo r  10  
minu tes .  The  mixed  pe l l e t  was  d ra ined  and  resuspended  in  0 .6  ml  o f  
co ld  buf fe r  A {20  mM Tr i s -HCl  (pH 8 .0 ) ,  1  mM EDTA,  3  mM MgClg ,  and  5  
mM be ta -mercap toe thanol ) .  The  mix ture  was  t r ans fe r red  to  a  1 .5  ml  
po lypropylene  tube  on  i ce  in  p repara t ion  fo r  son i f i ca t ion  (Hea t  
Sys tems-Ul t rason ics ,  Inc . ) .  E thanol  was  used  to  s t e r i l i ze  the  t ip  of  a  
son ica tn r  and  the  mix ture  was  sub jec ted  to  5 -5  two second  per iods  o f  
son i f i ca t ion  wi th  an  ou tpu t  cor responding  to  approx imate ly  70  wa t t s .  
Af te r  each  2  second  per iod ,  the  sample  was  a l lowed  to  coo l  and  the  
amount  o f  v i scos i ty  was  measured  by  d rawing  smal l  samples  in to  an  
eppendor f  p ipe t t e  t ip  and  re leas ing  i t  back  in to  the  1 .5  ml  tube .  At  
the  end  o f  the  f i f th  son i f i ca t ion ,  the  sample  had  los t  a  g rea t  amount  
o f  v i scos i ty  bu t  cou ld  s t i l l  fo rm d rop le t s  a t  the  t ip  of  an  eppendor f  
p ipe t t e  t ip .  One  s ix th  ml  o f  co ld ,  s t e r i l e  gycero l  was  added  to  the  
tube  and  gen t ly  mixed  wi th  an  eppendor f  p ipe t t e  t ip .  S te r i l e  1 .5  ml  
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polypropylene  tubes  were  p laced  on  i ce  and  50  u l  o f  sample  were  added  
to  each  tube  and  rap id ly  immersed  in  l iqu id  n i t rogen .  The  tubes  were  
l abe led  as  ' ex t rac t  A '  and  then  s to red  a t  -70°  C un t i l  needed .  
The  remainder  o f  the  NS433  cu l tu re  was  cen t r i fuged  in  the  co ld  a t  
8 ,000  rpm fo r  t en  minu tes  in  a  Sorva l l  cen t r i fuge .  The  pe l l e t  was  
gen t ly  resuspended  in  1 .2  ml  o f  Tr i s - sucrose  buf fe r  (50  mM Tr i s -HCl  
(pH 7 .4 ) ,  and  10% sucrose) .  Po lypropylene  tubes  were  p laced  on  i ce  and  
80  u l  o f  the  mix ture  was  added  to  each  tube  and  then  rap id ly  f rozen  in  
l iqu id  n i t rogen .  Hal f  o f  the  tubes  were  qu ick ly  thawed  in  room 
tempera tu re  wate r ,  fo l lowed  by  ano ther  cyc le  o f  f reez ing  and  thawing .  
Each  tube  then  rece ived  4  u l  o f  a  1  mg/ml  lysozyme so lu t ion  ( lysozyme 
in  0 .25  M Tr i s -HCl ,  pH 8 .0 )  and  were  gen t ly  s t i r red  wi th  an  eppendor f  
p ipe t t e  t ip .  The  mix tures  were  p laced  on  i ce  fo r  30  minu tes .  Dur ing  
th i s  t ime ,  the  o ther  ha l f  o f  the  tubes  were  thawed  and  the  same 
p ro toco l  was  fo l lowed .  A mix ture  o f  0 .625  ml  co ld  g lycero l  and  0 .2  ml  
o f  buf fe r  B (5  mH Tr i s -HCl  (pH 7 .4 ) ,  15  mM ATP,  15  mM MgClg ,  60  mM 
spermid ine-HCl ,  100  mM pu t rac ine ,  and  30  mM be ta -mercap toe thanol  )  were  
p repared  and  33  u l  was  added  to  each  tube  and  gen t ly  mixed .  These  
tubes  were  l abe led  as  ' ex t rac t  B '  and  then  p laced  a t  -70°  C un t i l  
needed  in  the  packag ing  reac t ion .  The  t ime  per iods  in  the  p repara t ion  
o f  the  packag ing  mix tures  requ i re  tha t  the  en t i re  p rocess  be  s t a r t ed  
ea r ly  in  the  day  in  o rder  to  ensure  comple t ion  o f  bo th  ex t rac t  
mix tures .  
In  o rder  to  p repare  the  p lasmid-vec tor  DNA fo r  the  packag ing  
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mixtures ,  a  comple te  d iges t  o f  the  vec tor  and  a  pa r t i a l  d iges t  o f  the  
p lasmid  had  to  be  comple ted .  The  23  Kb cosmid  vec to r  pVK102 has  two  
reg ions  wi th  an t ib io t i c  markers  fo r  inac t iva t ion  and /or  se lec t ion ,  
namely ,  kanamycin  and  t e t racyc l ine .  The  r es t r i c t ion  enzyme Hind i  11  
recognizes  a  s ing le  s i t e  in  the  kanamycin  reg ion  o f  pVK102.  Al l  
inse r t s  o f  fo re ign  DNA in  th i s  s i t e  render  ce l l s  wi th  these  
recombinan ts  sens i t iv i ty  to  kanamycin .  One  ug  o f  pVK102 was  d iges ted  
to  comple t ion  wi th  10  u  o f  Hind l l l  us ing  the  condi t ions  desc r ibed  fo r  
res t r i c t ion  enzyme d iges t ions  in  Sec t ion  I I .  A pa r t i a l  d iges t  o f  
pRjaPPX193 was  ach ieved  by  the  add i t ion  o f  10  u  o f  Hind i  11  to  1  ug  o f  
inse r t  fo l lowed  by  se r ia l  d i lu t ion  to  tubes  con ta in ing  1  ug  o f  p lasmid  
each  such  tha t  a  f ina l  concen t ra t ion  o f  l e ss  than  0 .125  u  o f  Hind l l l  
in  the  f ina l  tube  was  ach ieved .  A r e la t ive ly  th in  (2  mm th ick)  ge l  was  
p repared  a t  a  low 0 .4% concen t ra t ion  in  o rder  fo r  maximum separa t ion  
and  economica l  use  o f  the  pa r t i a l ly  d iges ted  p lasmid  DNA.  Only  0 .1  ug  
o f  each  pa r t i a l  d iges t  was  r equ i red  in  each  la r ie  o f  the  ge l  fo r  
de te rmina t ion  o f  d iges t ion .  Samples  which  had  the  b r igh tes t  in tens i ty  
of  f luorescence  in  the  20-30  Kb r eg ion ,  when  s t a ined  wi th  e th id ium 
bromide  and  v i sua l ized  wi th  u l t rav io le t  l igh t ,  were  se lec ted  as  inse r t  
DNA fo r  l iga t ion  wi th  pVK102.  
A 3 :1  ra t io  of  inse r t  to  vec to r  DNA,  a t  a  f ina l  concen t ra t ion  o f  
0 .3  ug /u l ,  was  chosen  fo r  l iga t ion .  Par t i a l ly  d iges ted  pRjaPRC193 and  
comple te ly  d iges ted  pVK102 were  mixed  toge ther  and  e thano l  
p rec ip i t a ted .  The  mix ture  was  resuspended  in  8  u l  o f  TM buf fe r  (10  mM 
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Tr is -HCl  (pH 8 .0 ) ,  and  10  mM MgCl^)  and  p laced  a t  55°  C fo r  5  minu tes  
fo l lowed  by  a  s low (3 -4  h)  coo l ing  per iod  to  room tempera tu re .  The  
sample  was  p laced  on  i ce  and  1  u l  o f  l iga t ion  buf fe r  (100  mM Tr i s -HCl  
(pH 7 .4 ) ,  100  mM d i th io th re i to l ,  and  50  mM ATP (pH 7 .0 ) )  and  1  u l  o f  
l igase  (New England  Bio labs )  were  added  and  gen t ly  mixed  toge ther .  The  
mix ture  was  p laced  a t  14°  C overn igh t  to  a l low l iga t ion  of  inse r t  and  
vec to r  DNA.  Another  th in ,  low percen tage ,  ge l  was  p repared  and  1  ul  o f  
the  l iga t ion  mix ture  was  app l ied  and  separa ted  in  o rder  to  de te rmine  
the  success  o f  l iga t ion .  Cont ro l  s t andards  inc luded  in tac t ,  EcoRI  
d iges ted ,  and  Hind i I I  d iges ted  lambda  bac te r iophage  DNA.  The  l iga ted  
mix ture  resu l ted  in  f ragments  approx imate ly  49  Kb in  s i ze ,  which  
ind ica ted  l iga t ion  had  occur red .  
The  packag ing  reac t ion  occur red  in  the  fo l lowing  o rder :  a t  room 
tempera tu re  30  u l  o f  buf fe r  A,  2  u l  o f  buf fe r  B ,  20  u l  o f  ex t rac t  A,  
and  5  u l  o f  l iga ted  DNA,  were  gen t ly  mixed  toge ther  and  incuba ted  a t  
room tempera tu re  fo r  15  minu tes .  A f rozen  tube  con ta in ing  ex t rac t  B 
was  a l lowed  to  thaw whi le  the  above  mix ture  was  s t i r red  in  wi th  a  
sea led ,  g lass  cap i l l a ry  tube .  The  en t i re  mix ture  was  p laced  a t  37°  C 
fo r  50  minu tes .  Af te r  th i s  incuba t ion ,  150  u l  o f  DNAse  so lu t ion  (1  
mg/ml  DNAse  in  50  mM Tr i s -HCl  (pH 7 .4 ) ,  100  mM NaCl ,  and  10  mM MgSO^)  
were  added ,  gen t ly  mixed ,  and  a l lowed  to  incuba te  ano ther  15  minu tes  
a t  37°  C .  100  u l  o f  ch loroform was  added  and  the  tube  was  p laced  in  an  
eppendor f  cen t r i fuge  and  spun  fo r  2  minu tes .  The  superna tan t ,  
con ta in ing  phage ,  was  p laced  a t  4°  C un t i l  needed .  
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An overn igh t  cu l tu re  o f  £ .  co l i  s t ra in  HBlOl  was  d i lu ted  1 :50  in  f resh  
LB media ,  supp lemented  wi th  0 .4% mal tose ,  and  was  a l lowed  to  reach  
l a te  log  growth .  The  ce l l s  were  cen t r i fuged  in  the  co ld  fo r  10  minu tes  
a t  7 ,000  rpm fo l lowed  by  resuspens ion  in  0 .1  vo lume 10  mM MgCl^ .  In  a  
1 .5  ml  eppendor f  cen t r i fuge  tube ,  0 .2  ml  o f  the  ce l l s  was  mixed  wi th  
0 .1  ml  10  mM MgClg  and  50  u l  o f  phage ,  and  p laced  a t  room tempera tu re  
fo r  15  minu tes  to  a l low phage  absorp t ion .  One  ml  o f  LB media  were  
added  and  the  tube  was  t r ans fe r red  to  a  37°  incuba tor  fo r  50  minu tes  
to  a l low express ion  o f  an t ib io t i c  res i s tance  genes .  Three  ml  o f  a  
so f t ,  0 .8% Noble  agar  (Di fco)  over lay  con ta in ing  10  ug /ml  o f  
t e t racyc l ine  were  added  to  the  ce l l s  and  immedia te ly  poured  over  15  
ug /ml  t e t racyc l ine  LB agar  p la tes .  Resu l t ing  Tc  r es i s tan t  co lon ies  
were  examined  fo r  inse r t s  by  g rowth  on  50  ug /ml  kanamycin  LB agar  
p la tes .  
4 .  Southern  c ross  r es t r i c t ion  mapping  
A packaged  k i t  was  purchased  which  inc luded  chemica l s  and  
ins t ruc t ions  fo r  th i s  type  o f  mapping  (New England  Nuc lea r ) .  Large  
reg ions  o f  pRjaPRC193 were  mapped  and  r epe t i t ive  sequences  were  
de te rmined  us ing  Hpal  and  Hind l l l  d iges t s  o f  pRjaPRC193.  
The  f i r s t  s tep  in  the  method  invo lves  the  p repara t ion  of  ' ho t '  
and  ' co ld '  Sou thern  t r ans fe r s .  Agarose  ge l s  were  p repared  accord ing  to  
the  procedure  desc r ibed  ea r l i e r  fo r  ge l  e lec t rophores i s .  Only  one  ge l  
32  
con ta ined  P  end- labe led  p lasmid ,  whi le  the  o ther  ge l s  con ta ined  
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non- labe led  pRjaPRC193.  Sou thern  t r ans fe r s  were  done  exac t ly  as  
desc r ibed  before .  The  ho t  membrane  t r ans fe r  in  th i s  case  was  2  ug  o f  
Hind i11  d iges ted  pRjaPRC193,  whi le  the  co ld  t r ans fe r s  were  2  ug  each  
o f  Hind i11  and  Hpal  d iges ted  pRjaPRC193.  The  co ld  t r ans fe r s  were  
p repared  f i r s t  and  used  GeneScreen  P lus  t r ans fe r  membrane .  The  p lasmid  
DNA was  a l lowed  to  b ind  to  the  membranes  by  d ry ing  overn igh t  a t  room 
t empera tu re .  Af te r  the  co ld  t r ans fe r s  were  comple ted ,  Hind i  11  d iges ted  
pRjaPRC193 was  end  l abe led  by  add ing  the  fo l lowing  chemica l s  
sequen t ia l ly :  1  u  o f  DNA po lymerase  I  (Klenow f ragment )  and  2  u l  each  
o f  ' ho t '  dCTP and  dATP ( f ina l  concen t ra t ion  2  mM each ,  spec i f i c  
o p  
ac t iv i ty  of  600  Ci /mM,  l abe led  wi th  P  in  the  a lpha  pos i t ion ;  New 
England  Nuc lea r )  and  2  u l  each  o f  ' co ld '  dTTP and  dGTP ( f ina l  
concen t ra t ion  2  mM each) .  The  sample  was  mixed  and  incuba ted  fo r  30  
minu tes  a t  37°  C .  Two e thano l  p rec ip i t a t ions  were  done  to  remove  
un incorpora ted  nuc leo t ides  and  the  DNA was  resuspended  in  300  u l  low 
TE and  30  u l  t r ack ing  dye  a s  p rev ious ly  desc r ibed  in  th i s  Sec t ion .  
Agarose  ge l  e lec t rophores i s  was  done  in  exac t ly  the  same manner  
a s  the  prev ious  ' co ld '  t r ans fe r s  excep t  tha t  a  ven t i l a ted  hood  was  
used  fo r  bo th  e lec t rophores i s  and  the  Southern  t r ans fe r  o f  the  ' ho t '  
IP  diges t .  Also ,  the  t r ans fe r  o f  the  P- labe led  DNA was  to  regu la r  
GeneScreen  t r ans fe r  membrane  (New England  Nuc lea r ) .  The  purpose  o f  
us ing  th i s  membrane  i s  tha t  the  ' ho t '  t r ans fe r  would  no t  b ind ;  2  h  a t  
80°  C i s  requ i red  to  f ix  ssDNA to  th i s  type  o f  membrane .  Dur ing  the  
l a s t  few hours  o f  the  ' ho t '  t r ans fe r ,  the  ' co ld '  membranes  were  
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prepared  fo r  hybr id iza t ion  in  the  fo l lowing  manner .  The  Hind i  11  and  
Hpal  b lo t s  were  p rewashed  fo r  3  hours  in  hybr id iza t ion  buf fe r  A (100  
ml  hybr id iza t ion  buf fe r  concen t ra te ,  100  ml  H^O,  and  2  ml  10% SOS) .  
The  Hpa l  membrane ,  t o  be  p laced  ad jacen t  to  the  ' ho t '  Hind i  11  
t r ans fe r ,  was  p rewashed  separa te ly  in  hybr id iza t ion  buf fe r  B (25  ml  
hybr id iza t ion  buf fe r  concen t ra te ,  25  ml  H^O,  0 .5  ml  10% SOS,  and  0 .5  
ml  sod ium pyrophospha te )  fo r  10  minu tes .  The  ' co ld '  Hind i I I  membrane  
was  washed  fo r  10  minu tes  in  hybr id iza t ion  buf fe r  C (125  ml  
hybr id iza t ion  concen t ra te ,  125  ml  fo rmamide ,  and  2 .5  ml  10% SDS) .  
Af te r  the  l abe led  DNA was  t r ans fe r red ,  the  regu la r  GeneScreen  
membrane  was  removed  f rom the  Southern  b lo t  appara tus  and  r insed  fo r  
one  minu te  in  degassed  25  mM sod ium phospha te  buf fe r ,  pH 6 .8 .  The  
' ho t '  t r ans fe r  membrane  was  p laced  on  a  c lean ,  g lass  p la te  DNA s ide  up  
and  ' nor th '  wi th  respec t  to  the  pos i t ion  o f  the  l a rges t  band  on  the  
membrane .  The  Hpa l  membrane  was  p laced  DNA s ide  down and  the  l a rges t  
DNA band  was  pos i t ioned  ' eas t '  on  top  o f  the  ' ho t '  Hind l l l  membrane .  
The  ' co ld '  Hind l l l  membrane  was  p laced  on  top  o f  the  Hpal  membrane  in  
the  same o r ien ta t ion  as  the  ' co ld '  Hpa l  t r ans fe r  membranes .  A p iece  o f  
What tman  3M paper ,  the  same s i ze  as  the  hybr id iza t ion  membranes  and  
soaked  in  hybr id iza t ion  buf fe r  C ,  was  p laced  on  top  of  the  membranes .  
E igh t  ml  o f  hybr id iza t ion  buf fe r  C was  poured  over  the  sur face  of  the  
membranes  and  paper ,  and  a  g lass  p la te  was  p laced  on  top  and  secured  
on  four  s ides  wi th  l a rge ,  s t rong  c lamps .  The  appara tus  was  p laced  in  a  
40°  C incuba tor  overn igh t .  There fore ,  the  two ' co ld '  membranes  were  
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DNA s ide  down and  pos i t ioned  90°  opposed  to  the  l a rges t  DNA band  on  
32 the  ' ho t '  membrane .  S ince  the  P- labe led  DNA was  no t  bound  by  bak ing  
to  the  GeneScreen  membrane ,  i t  was  f ree  to  d i f fuse  up  and  th rough  the  
permeable ,  GeneScreen  P lus  membranes .  Under  these  hybr id iza t ion  
condi t ions ,  homologous  DNA sequences  fo rmed  s t ab le ,  double -s t randed  
hybr ids .  
The  fo l lowing  day ,  the  appara tus  was  d i sassembled ,  the  membranes  
were  p laced  in  a  20  by  30  cm Sea l -A-Meal  bag  (Sears ) ,  and  100  ml  o f  
wash  so lu t ion  A (2X SSC,  0 .1% SDS)  were  added  and  gen t ly  rocked  on  a  
p la t fo rm shaker  a t  room tempera tu re  fo r  20  minu tes .  Th is  was  repea ted  
two t imes  fo l lowed  by  2 -40  minu te  washes  in  wash  so lu t ion  B (O. IX SSC,  
0 .1% SDS)  a t  50°  C .  Af te r  the  membranes  had  been  washed  to  remove  
non-homologous  l abe led  DNA,  each  membrane  was  exposed  to  X-ray  f i lm as  
p rev ious ly  desc r ibed  in  Sec t ion  I I .  
5 .  Southern  b lo t s  and  hybr id iza t ions  
The  same condi t ions  desc r ibed  in  Sec t ion  I I  fo r  Southern  b lo t s  
and  hybr id iza t ions  were  used  in  the  examina t ion  o f  c loned  pRjaPRC193 
inse r t s  wi th  var ious  hybr id iza t ion  probes .  Lambda  bac te r iophage  DNA 
se rved  as  bo th  a  nega t ive  con t ro l  and  molecu la r  we igh t  markers  on  a l l  
t r ans fe r  membranes .  
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C.  Resu l t s  and  Discuss ion  
1 .  Clon ing  s t ra tegy  
The  p repara t ion  o f  a  spec ia l  c lone  bank  o f  pRjaPRC193 was  
r equ i red  fo r  phys ica l  and  gene t ic  mapping .  Th is  sec t ion  i s  about  the  
prob lems  assoc ia ted  wi th  mapping  a  ve ry  l a rge  p iece  o f  DNA and  the  
subsequen t  c lon ing  s t ra tegy  used .  Two major  p rob lems  were  encounte red  
in  mapping  the  l a rge ,  350  Kb Rhizob ium p lasmid .  F i r s t ,  the  s i ze  of  the  
p lasmid  i s  lOOX l a rger  than  mos t  c lon ing  veh ic les ;  the  common vec to r  
pBR322 i s  a  mere  4 .3  Kb (Su tc l i f fe ,  1979) .  Mos t  c lon ing  and  mapping  
s t ra teg ies  a re  des igned  fo r  DNA l e ss  than  50  Kb.  In  o rder  to  produce  a  
c lone  bank  represen ta t ive  o f  a l l  p lasmid  sequences ,  a  cosmid  c lone  
bank  was  made  in  a  wide  hos t  range  vec to r .  Second ,  many  repea ted  DNA 
sequences  a re  d i s t r ibu ted  th roughout  the  p lasmid  which  h inder  
exper iments  dependen t  on  DNA:DNA hybr id iza t ions ,  such  as  Southern  
hybr id iza t ions .  
The  phys ica l  mapping  by  molecu la r  c lon ing  p resen t s  a  number  o f  
compl ica t ions  due  to  the  p lasmid ' s  l a rge  s i ze .  To  r epresen t  the  en t i re  
p lasmid  fo r  P=0 .99  in  a  c lone  bank  o f  pBR322,  fo r  ins tance ,  would  
r equ i re  158  t rans formants  wi th  an  average  inse r t  s i ze  of  10  Kb.  Th is  
uses  the  re la t ionsh ip :  
In  (1  -  0 .99) / ln ( l  -  (X/Y)) ,  
where  X i s  the  s i ze  of  inse r t s  (Kb)  and  Y i s  the  s i ze  o f  the  molecu le  
be ing  c loned  (Kb) .  However ,  even  assuming  favorab le  condi t ions ,  which  
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inc ludes  over lapp ing  sequences  and  a  h igh  t rans format ion  f requency ,  
the  number  o f  c lones  i s  too  l a rge  fo r  a  s ing le  person  to  examine .  The  
l imi t ing  fac to rs  inc lude :  the  number  o f  agarose  ge l s  used ,  the  space  
per  ge l  ( each  ge l  has  space  fo r  20  d i f fe ren t  samples ) ,  and  the  t ime  i t  
takes  fo r  a  s ing le  run ,  which  i s  usua l ly  18  h .  A g iven  c lone  i s  
usua l ly  examined  wi th  severa l  r e s t r i c t ion  enzymes  such  tha t  s ing le ,  
double ,  and  even  t r ip le  d iges t s  a re  done .  Wi th  molecu la r  we igh t  
s t andards  inc luded ,  on ly  6 -7  c lones  can  e f f i c ien t ly  be  examined  on  a  
ge l .  The  se lec t ion  of  DNA fo r  ge l s  i s  based  on  the  premise  tha t  one  
knows  the  con ten t  o f  a  g iven  c lone ,  pa t t e rns  o f  over laps ,  and  tha t  
each  c lone  con ta ins  un ique  DNA sequences .  Th is  in  i t se l f  i s  a  t ime  
consuming  p rocess .  
Another  l imi t ing  fac to r  i s  the  amount  o f  'wa lk ing ' ,  us ing  c lones  
as  hybr id iza t ion  probes  in  the  Southern  hybr id iza t ion  method ,  r equ i red  
to  examine  a  p iece  o f  DNA 350  Kb long .  Assuming  the  average  c lone  i s  
10  Kb long ,  a t  l eas t  35  hybr id iza t ions  would  be  needed .  A s ing le  
hybr id iza t ion ,  s t a r t ing  wi th  d iges t ing  se lec ted  c lones  and  end ing  wi th  
an  au torad iograph ,  t akes  approx imate ly  6  days  under  op t imum 
condi t ions .  An add i t iona l  p rob lem i s  the  p lasmid  pRjaPRC193 con ta ins  
many  repea ted  sequences  which  obscure  hybr id iza t ion  resu l t s .  Th is  
un ique  prob lem wi l l  be  examined  in  fu tu re  sec t ions .  
An impor tan t  cons idera t ion  in  any  mapping-c lon ing  s t ra tegy  i s  the  
c lon ing  vec tor  i t se l f .  Idea l ly ,  a  vec to r  i s  re la t ive ly  smal l ,  has  
s ing le  res t r i c t ion  s i t e s ,  and  has  a t  l eas t  one  se lec tab le  marker .  
Figure  1 .  Agarose  ge l  e lec t rophores i s  o f  p lasmid  pRjaPRC193 d iges ted  wi th  a  va r ie ty  o f  
r es t r i c t ion  endonuc leases  Lane  1 ,  Hind i  11  d iges t  o f  Lambda  bac te r iophage  DNA;  l ane  
2, Hindl l l  d iges t ;  l ane  3 ,  Hpa  I  d iges t ;  l ane  4 ,  Kpnl  d iges t ;  l ane  5 ,  Hpa l /Kpnl  
double  d iges t ;  l ane  6 ,  same as  l ane  1 ;  l ane  7 ,  Aval  d iges t ;  l ane  8  BamHI  d iges t ;  
l ane  9 ,  l lpa l  d iges t ;  l ane  10 ,  Pvul l  d iges t ;  l ane  11 ,  Sad ;  lane  12 ,  EcoRI  d iges t ;  
l ane  13 ,  Xhol  d iges t ;  and  l ane  14 ,  Lambda  bac te r iophage  d iges ted  wi th  EcoRI .  Lambda  
DNA was  used  as  molecu la r  we igh t  s t andards ,  shown in  kb ,  and  a s  nega t ive  con t ro l s  in  
Southern  hybr id iza t ions .  
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Cont inu ing  wi th  pBR322 a s  an  example ,  c lon ing  the  p lasmid  pRjaPRC193 
wi th  th i s  vec tor  would  pose  spec ia l  p rob lems .  The  on ly  enzymes  which  
p rov ide  inse r t iona l  inac t iva t ion  of  a  se lec tab le  marker ,  in  th ia  case  
BamHI ,  H ind l l l ,  and  Sa i l  fo r  t e t racyc l ine  res i s tance ,  and  Ps t I  fo r  
a rap ic i l l in  res i s tance ,  a re  no t  su i t ab le  wi th  pRjaPRC193.  Two o f  the  
l a rges t  bands  o f  pRjaPRC193 d iges ted  wi th  Hind l l l  a re  15  and  18 .5  Kb 
in  s i ze  (F igure  1 ) .  Diges t s  wi th  BamHI  o r  Sa i l  con ta in  severa l  l a rge  
bands  be tween  15  and  20  Kb in  s i ze  (da ta  no t  p resen ted) .  Ps t I  was  no t  
used  in  th i s  s tudy .  The  l imi t s  o f  e f f i c ien t  t rans format ion  in  E .  co l i  
a re  about  15  Kb (Cohen  e t  a l .  1972) .  Thus ,  t r ans formants  inc lud ing  the  
l a rges t  r es t r i c t ion  f ragments  o f  pRjaPRC193 d iges ted  wi th  BamHI ,  
H ind l l l ,  o r  Sa l  I ,  and  the  vec tor  pSR322 ,  approach  25  Kb in  s i ze  and  
would  be  r a re  o r  nonex is ten t  en t i t i e s  in  a  g iven  t rans format ion .  Th is  
p rob lem i s  more  acu te  wi th  o ther  c lon ing  vec tors  which  have  Hpa l ,  
Kpnl ,  and  Xbal  s i t e s .  The  l a rges t  bands  o f  pRjaPRC193 d iges ted  wi th  
these  enzymes  a re :  49  Kb,  Hpa l ;  49  Kb,  Kpnl ;  and  approx imate ly  70  Kb,  
Xba l  (F igure  1 ) .  
In  o rder  to  c i rcumvent  the  c lon ing  prob lems  assoc ia ted  wi th  
pBR322,  a  cosmid  c lone  bank  was  made  wi th  the  wide  hos t  range  vec to r  
pVK102.  Cosmid  c lon ing  i s  a  p rocedure  which  invo lves  the  subs t i tu t ion  
of  inse r t  and  vec to r  DNA fo r  lambda  bac te r iophage  DNA in  an  j_n  v i t ro  
packag ing  sys tem (Col l ins  and  Hohn ,  1978) .  The  DNA sequence  requ i red  
by  lambda  phage  p ro te ins  in  the  packag ing  sys tem i s  lambda  cohes ive  
end  s i t e s ,  known a s  the  cos  sequence .  In  mos t  cosmid  vec to rs ,  
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inc lud ing  pVK102 used  in  th i s  s tudy ,  the  cos  reg ion  i s  on ly  1 .7  Kb 
long .  The  packag ing  capac i ty  o f  the  lambda  bac te r iophage  head  i s  
ra ther  l a rge :  46-49  Kb.  There fore ,  ve ry  l a rge  inse r t s ,  con ta in ing  
vec tors  wi th  the  cos  s i t e ,  can  be  packaged  and  subsequen t ly  used  to  
in fec t  E .  co l i  fo r  examina t ion  o f  con ten t .  
In  th i s  s tudy ,  the  cosmid  pVK102 was  chosen  fo r  severa l  r easons .  
F i r s t ,  the  wide  hos t  range  capab i l i t i e s  o f  the  vec tor  a l low 
rep l ica t ion  in  bo th  E .  co l i  and  Rhizob ium.  Cloned  inse r t s  o f  the  
p lasmid  can  be  shu t t l ed  back  and  fo r th  be tween  the  two sys tems .  
Second ,  two  s i t e s  fo r  inse r t iona l  inac t iva t ion  a re  loca ted  on  the  
cosmid ,  which  inc lude  Hind l l l  and  Xhol  in  the  kanamycin  r eg ion ,  and  
Sa i l  in  the  t e t racyc l ine  gene .  Th i rd ,  the  s i ze  o f  the  cosmid  i s  23  Kb 
in  s i ze .  Whi le  th i s  on ly  a l lows  inse r t s  o f  about  25  Kb,  the  vec tor  i s  
l a rger  than  d iges t s  o f  inse r t  ONA and ,  wi th  a  s lower  mobi l i ty  in  ge l s ,  
does  no t  migra te  wi th  inse r t  DNA.  The  l a rge  s ize  of  the  cosmid  i s  due  
to  a  19  Kb EcoRI-Sgl l l  f ragment  de r ived  f rom pRK290,  a  b road  hos t  
range  p lasmid  (Oi t t a  e t  a l .  1980) .  Apparen t ly ,  a  s ign i f i can t  amount  o f  
pRK290 mus t  be  r e ta ined  fo r  b road  hos t  range  capab i l i ty  (Knauf  and  
Nes te r ,  1982) .  An e s t imate  o f  the  number  o f  c lones  needed  to  have  99% 
o f  the  p lasmid  sequences  represen ted  in  a  c lone  bank ,  us ing  the  
fo rmula  shown above ,  r evea led  tha t  on ly  50  c lones  were  r equ i red .  
There fore ,  a  cosmid  c lone  bank  us ing  pVK102 and  pRjaPRC193 was  
p repared .  
The  enzyme Hind i  11  was  chosen  as  i t  d iges t s  pRjaPRC193 in to  50  o r  
100 
Table  1 .  Molecu la r  we igh ts  o f  pRjaPRC193 enzyme d iges t s  
Hindlll  Hpal Kpnl 
1 .  18 .5  Kb l a ,b  49 .0  Kb 1 .  49 .0  Kb 
2 .  16 .0  2 .  32 .0  2a ,b  32 .0  
3 .  13 .7  3 .  24 .5  3a ,b  27 .4  
4 .  12 .7  4 .  23.1 4 .  19 .0  
5a ,b  12 .0  5a ,b  20 .0  5a ,b ,c  17 .8  
6. 10 .7  6 .  18 .5  6 .  15 .5  
7 .  10 .5  7 .  16 .5  7 .  14 .5  
8 .  9 .8  8 .  15 .5  8 .  13 .5  
9 .  8 .8  9 .  11 .5  9a ,b  12 .5  
10a ,b  8 .3  10 .  11 .0  10 .  12 .0  
11a ,b ,c  8 .0  11a ,b  10 .0  11 .  9 .8  
12a ,b  7 .6  12 .  9 .8  12 .  8 .7  
13 .  7 .5  13 .  8 .8  13 .  8.3 
14 .  7 .0  14 .  8 .2  14 .  6 .3  
15a ,b  5 .8  15 .  6 .0  15 .  4 .5  
15a ,b  5 .4  16 .  5 .2  16 .  4 .3  
17 .  6 .0  17 .  3 .5  17 .  3 .9  
18a  ,b  5 .6  18 .  3 .4  18 .  2 .6  
19a ,b  5 .2  19 .  3 .1  19a ,b  2 .3  
20a ,b  5 .0  20 .  2 .5  20 .  1 .4  
21a ,b ,c  
22 .  
4 .4  
4 .2  
21 .  1 .1  21 .  0 .8  
23! 4^0  Tota l  :  362 .3  Kb To ta l  :  375 .0  Kb 
24a,b,c 3 .8  
25 .  3 .5  
26 .  3 .5  
27 .  3 .4  
28 .  3 .3  
29 .  3 .2  
30 .  3 .0  
31a ,b  2 .9  
32a ,b  2 .7  
33. 2.6 
34a ,b  2 .4  
35 .  2 .3  
35a,b 2.2 
37 .  2 .1  
38 .  2 .0  
39 .  1 .9  
40a ,b  1 .8  
41 .  1 .7  
42 .  1 .5  
43 .  1 .5  
44 .  1 .3  
Tota l :  350 .9  Kb 
101 
more  f ragments ;  fo r ty - four  o f  the  l a rges t  f ragments  range  f rom 18 .5  to  
1 .3  Kb {Table  1 ) .  Cosmid  c lon ing  was  done  accord ing  to  the  method  o f  
S te rnberg  e t  a l .  (1977)  and  i s  desc r ibed  in  the  Mate r ia l s  and  Methods  
sec t ion .  One  hundred  e leven  t e t racyc l ine  res i s tan t  c lones  were  t e s ted  
fo r  kanamycin  sens i t iv i ty  to  de te rmine  the  p resence  o f  recombinan t  
c lones .  Clones  which  were  on ly  t e t racyc l ine  res i s tan t  were  examined  
fo r  p lasmid  con ten t .  P lasmids  were  i so la ted  by  the  method  o f  Holmes  
and  Quig ley  (1981) ,  and  examined  on  agarose  ge l s  as  desc r ibed  in  the  
Mate r ia l s  and  Methods  sec t ion .  
2 .  Charac te r iza t ion  o f  cosmid  c lones  
F igure  2  con ta ins  two represen ta t ive  ge l s  o f  cosmid  DNA d iges ted  
wi th  Hind l l l .  The  l a rges t  band  in  each  l ane  i s  the  23  Kb vec to r  
pVK102.  Smal l  amounts  o f  pRjaPRC193 were  app l ied  to  two l anes  in  each  
ge l  a s  molecu la r  we igh t  s t andards  and  fo r  pos i t ive  hybr id iza t ion  
con t ro l s .  S ince  many  Hind i I I  bands  o f  pRjaPRC193 comigra te  ve ry  
c lose ly ,  i t  was  e ssen t ia l  to  use  the  p lasmid  as  a  molecu la r  we igh t  
s t andard  wi th  ge l s  con ta in ing  c loned  inse r t s .  I t  i s  impor tan t  to  no te  
tha t  under  the  ge l  cond i t ions  used  in  th i s  s tudy ,  smal l  bands  l e ss  
than  a  Kb in  s i ze  a re  e i the r  d i f fused  near  the  bo t tom of  the  ge l  o r  
have  migra ted  comple te ly  o f f  the  ge l .  In  t e rms  o f  phys ica l  mapping ,  
t h i s  d id  no t  p resen t  a  p rob lem,  bu t  may  be  impor tan t  fo r  fu tu re ,  
de ta i l ed ,  mapping  o f  spec i f i c  reg ions .  In  genera l ,  e spec ia l ly  wi th  the  
wide  range  o f  f ragments  encounte red  in  th i s  s tudy ,  the  0 .7% ge l s  
Figure  2 .  Cosmid  c lones  o f  pKjaPRCl93  d iges ted  wi th  Hind l l l  A:  l ane  1 ,  pMA115;  l ane  2, 
pMA112;  l ane  3 ,  pMA106;  l ane  4 ,  pMA116;  l ane  5 ,  pMA117;  l ane  6 ,  pMAllS ;  l ane  7  and  
14 ,  pRjaPRC193;  l ane  8 ,  pMA125;  l ane  9 ,  pMA126;  l ane  10 ,  pMA135;  l ane  11 ,  pMA134;  
l ane  12 ,  pMA133;  l ane  13 ,  pMA142;  l ane  15 ,  pMA129;  l ane  16 ,  pMA139;  l ane  17  pMA119;  
l ane  18 ,  pMA137;  l ane  19 ,  pMA140.  B :  Lane  1 ,  pMA123;  l ane  2 ,  pMA135;  l ane  3 ,  pMA127;  
l ane  4 ,  pMA137;  l ane  5 ,  pMA124;  l ane  6  and  13 ,  pRjPRC193;  l ane  7 ,  pMAlOl ;  l ane  8 ,  
pMA105;  l ane  9 ,  pMA119;  l ane  10 ,  pMA167;  l ane  11 ,  pMA169;  l ane  12 ,  pMA171,  l ane  14 ,  
pMA113;  l ane  15 ,  pMA130;  l ane  16 ,  pMA131;  l ane  17 ,  pMA146;  l ane  18 ,  pMA120;  and  l ane  
19 ,  pMA151.  
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worked wel l  in  separa t ing f ragments  49 to  1  Kb in  s ize .  The most  
accurate  range of  s ize  determinat ion in  these  gels  was  approximate ly  
15 to  2 Kb.  
Many of  the  cosmids  in  Figure  2  were  grouped and placed in  gels  
together  on the  bas is  of  having over lapping f ragments  wi th  o ther  
c lones .  The s ize  of  individual  Hindl l l  bands  may be  found in  Table  I ,  
whi le  the  contents  of  Hindl l l  inser ts ,  as  wel l  as  the  s ize  of  each 
inser t ,  a re  l i s ted  in  Table  2  for  each c lone.  76 of  the  111 cosmid DNA 
c lones  examined are  l i s ted  in  Table  2 .  A wide  range of  inser t  s ize  
exis ts  for  the  c lones :  only  4 .4  Kb in  c lone pMA156 and 28.7  in  the  
larges t  c lone,  pMA121.  The average inser t  s ize  was 21 .1  Kb wi th  a  
s tandard  devia t ion of  4 .2 .  I t  appears  f rom th is  informat ion that  
f ragments  approximate ly  21.1  Kb were  the  most  abundant  par t ia l -d iges t  
products  avai lable  for  l iga t ion.  
The reason 75 out  of  111 cosmid c lones  are  l i s ted  in  Table  2  i s  
as  fo l lows.  F i rs t ,  many c lones  had ident ica l  inser ts  and only  need to  
be  represented by a  s ingle  c lone;  second,  some c lones  d id  not  conta in  
cont iguous  sequences ,  but  ra ther  had l iga ted  f ragments  due to  
ar t i fac ts  in  the  l iga t ion and packaging procedure .  Rest r ic t ion diges ts  
of  these  c lones  wi th  o ther  enzymes conf imed the  DNA was  not  
representa t ive  of  adjacent  DNA in  pRjaPRC193.  For  example ,  cosmid 
pMA142 conta ins  two f ragments  which hybr idize  to  a  nodula t ion probe,  
but  a re  known by o ther  evidence to  be  widely  separa ted  on the  map of  
pRjaPRC193 ( these  data  are  d iscussed la ter  in  th is  sect ion) .  Such 
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Table  2 .  Cosmid c lones  conta ining pRjaPRC193 DNA 
Plasmid HindIII  f ragments^  Inser t  s ize  (Kb)  
pMAlOl  5a ,11a,32a,46 23.8  
pMA102 12a ,20a,21a,b ,30,44 25.7  
pMA103 11a ,b ,24a,28,37 25.2  
pMA104 5a ,11a,33,42 24.2  
pMAlOB 16a,26,27,31a,32a,40 20.7  
pMAlOe 11c ,15a,21c,34,35 23.9  
pMA107 5a ,24c,42,44 18.7  
pMAlOS 16a ,19a,26,32a,38 19.8  
pMAlQ9 5a ,33,34b,36a 19.2  
pMAllO 5a ,11a,40,41,44,48 24.8  
pMAll l  16a ,19a,24a,26,39,46 20.8  
pMA112 6 ,21c,29 18.3  
pMAllS 4 ,20b,45 18.9  
pMA114 11c ,15a,21c 19.2  
pMAllS 6 ,10a,36a,41 22.9  
pMA115 11c ,15a,34b,35,38 21.5  
pMA117 16b,25,34b,35,38,40 23.9  
pMAllS 16b,23,24b,25,35,38,40 20.1  
pMA119 15b,20b,26,31b,46 19.4  
pMA120 6 ,10a,35a 21.2  
pMA121 5b ,8 ,18a,44 28.7  
pMA122 3 ,14,43 22.2  
pMA123 11a ,25,28,36b,37 19.2  
pMA124 10b,13,21a,34a,46 23.8  
pHA125 15b,24b,26,35,38,40 19.3  
pMA126 16b,26,34b,38,40 16.1  
pMA127 5a ,11a 20.0  
pMA128 11c ,15a,21c,34b 21.5  
pMA129 13 ,19b,22,31b,46,48 21.0  
pMA130 8 ,21a,24c,37 20.1  
pMAlSl  7 ,10b,23,24a,40 28.4  
pMA132 5b,18a 17.5  
pMA133 8 ,18a,25,39 20.9  
pMA134 7 ,8 ,25,39 25.8  
pMA135 11a ,12b,24a,37,40,41 25.0  
pMA136 7  ,23 ,24b,38,39 22.2  
pMA137 26,27 ,32b,38,45 12.8  
pMA138 10a ,11a,36,40a,b ,41 23.8  
pMA139 4 ,20b,22,32a,45 25.8  
pMA140 16a ,19a,27,32b,38,  19.7  
pMA141 16a ,19a,24a,b ,27,38 24.5  
pMA142 5b ,18a,19b 22.8  
^HindlI I  f ragments  are  ordered by s ize  and values  are  given in  
Table  1 ;  le t ters  af ter  numbers  d is t inguish  co-migrat ing f ragments  and 
are  descr ibed in  the  text .  
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Table  2 .  (Cont inued)  
Plasmid Hindu I  f ragments*  Inser t  s ize  (Kb)  
pMA143 8 ,25,39 15.3  
pMA144 9 ,22.31b 15.9  
pMA145 l i e ,15a ,20b,21c ,45  25 .4  
pMA146 15b,22 ,26 ,31a ,b ,32a ,b ,46  25 .7  
pMA147 5b ,11a,40 21.8  
pMA148 15a,22 ,31a ,b ,32a ,46  19.5  
pMA149 5b,18a,24c ,44  22 .7  
pMAlSO 16b,23 ,26 ,27 ,32b,35 ,36a  24.5  
pMAlSl  8 , l lx ,24x,36x 23.8  
pMA152 12b,24,a ,b ,37,40a,b ,41 22.6  
pMA153 3,14 ,32a ,37  25.5  
pMA154 3,14 ,43  22 .2  
pMA155 7,23 ,24a ,b  22.1  
pMA156 21x 4 .4  
pMA157 5b,18a,24c ,42 ,44 ,48  24.3  
pMA158 7,23 ,24a ,40  20.1  
pMA159 16a,19a,24a,26 ,27 ,33 ,41  26 .6  
pMA150 11c ,15a,21c,34b 21.6  
pMA161 7,8 ,24a ,40a ,41  27.6  
pMA152 7,20x,23 ,24x  18.3  
pMA163 16a ,19a,34b,37 16.1  
pMA164 1,26 ,31b,46 ,48  26.1  
pMA165 l lx ,40x,46 11.0  
pMA156 11a ,37,40a,41 13.6  
pMA157 12a,20a,21a,30  20.0  
pMA158 26,27 ,37 ,38 .40a ,46  14.0  
pMA159 10b,13 ,19b,34a 23.4  
pMA170 11a,25 ,28 ,36b 17.1  
pMA171 9,16b,22 ,31a  22 .3  
pMA172 9,15a,21c  20.0  
pMA173 14,25 ,32x ,39  15.2  
pMA174 9,17 ,18b,22 ,31b 27.5  
pMA175 12b,24a,b ,37 ,40  19 .2  
pMA176 4,24x 15.5  
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clones  may however  be  for tu i tous  events  and a  few such examples  have 
been l i s ted  in  Table  2 .  In  genera l ,  c lones  wi th  many s imi lar  Hindl l l  
f ragments  in  common provided s t rong evidence for  a  g iven region.  An 
example  of  th is  i s  the  cosmids  in  lanes  3-5  and 8-9  of  Figure  2A.  
These  cosmids  a re :  pMA106,  pMA115,  pMA117,  pMAllS,  pMA125,  and pMA126,  
respect ively ,  in  the  same order  as  shown on the  gel .  The d is tance  in  
Kb these  c lones  cover  i s  45.5  Kb,  or  13% of  the  plasmid.  The posi t ion 
of  these  cosmids  wi th  respect  to  a  physical  map of  a  la rge  region of  
pRjaPRC193 i s  shown in  Figure  9 .  
3 .  Rest r ic t ion enzyme analys is  of  cosmids  
An examinat ion of  Table  1  shows tha t  Hindi  11 d iges ts  pRjaPRC193 
DNA twice  as  f requent ly  as  the  enzymes Hpal  or  KpnI .  Actual ly ,  Hindi  11 
d iges ts  the  plasmid in to  a t  leas t  60 f ragments ,  but  approximate ly  15 
or  so  of  these  f ragments  are  smal ler  than 1  Kb in  s ize  and the i r  exact  
s ize  could  not  be  determined under  the  gel  condi t ions  used in  th is  
s tudy.  The important  fac tor  here  i s  that  the  enzymes Hpal  and Kpnl  
recognize  pRjaPRC193 d iges t ion s i tes  less  of ten  than Hindl l l  and can 
be  used ef fec t ively  in  mapping.  S ingle  d iges ts  wi th  these  enzymes were  
useful  in  determining i f  a  g iven c lone had a  Hpal  or  Kpnl  res t r ic t ion 
s i te  or  f ragment .  This  informat ion contr ibuted to  the  determinat ion of  
over lapping c lones .  Figure  3  conta ins  photographs  of  ge ls  wi th  cosmid 
DNA d iges ted  wi th  only  one of  the  enzymes,  and Table  3  a  l i s t  of  the  
Hpal  and Kpnl  bands  found in  var ious  inser ts .  Since  Hpal  has  a  s ingle  
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Table  3 .  Hpal  and Kpnl  inser ts  in  var ious  pMA-clones^ .  
Hpal  Kpnl  
1 .  n .d .b  1 .  n .d .  
2 .  n .d .  2 .  n .d .  
3 .  n .d .  3 .  n .d .  
4 ,  n .d .  4 .  n .d .  
5a ,b  n .d .  5a ,b ,c  pMAlOl  (5a)  
6 .  pMA164 6 .  pMAlOS,  pMA134 
7 .  n .d .  7 .  n .d .  
8 .  n .d .  8 .  pMA164 
9 .  pMA103 9a ,b  pMA115,  pMA120 
10 .  pMAllO,  pMA135 10 .  pMA108,  pMA140 
11a ,b  pMAllS 1 (11a)  11 .  pMA121 
12 .  n .d .  12.  n .d .  
13.  pMA140,  pMA141 13 .  pMA112,  pMA174 
14 .  pMA103,  pMA135 14 .  n .d .  
15.  pMA174 15 .  pMA105,  pMA145 
16 .  pMA119,  pMA146 15 .  pMA117,  pMA118,  
pMA125,  pMA126 
17 .  n .d .  17.  n .d .  
18.  n .d .  18 .  pMA144 
19 .  pMA119,  pMA146,  19a ,b  pMAlOl ,  pMA107,  pMAll l ,  
pMA158 pMA127 (19a);  pMA140,  
20 .  pMA146 pMA141,  pMA153 (19b)  
21 .  pMA135,  pMA152 20 .  pMA124,  pMA129,  pMA169 
21 .  pMA113,  pMA145 
^Cosmid c lones  were  d iges ted  wi th  each enzyme.  
^Vud.  none detec ted .  
Figure  3 .  Cosinid  c lones  of  pRjaPRC193 d iges ted  wi th  Kpnl  (A)  and Upal  (B)  A:  lane  1 ,  pMA120;  
lane  2 ,  pMA121;  lane  3 ,  pMA137;  lane  4 ,  pMA140;  lane  5 ,  pMA134;  lane  6 ,  pMA123;  lane  
7 ,  pRjaPRC193i  lane  8 ,  pMA125;  lane  9 ,  pMA126;  lane  10,  pMA117;  and lane  11,  pMA129.  
B:  lane  1 ,  pMA134;  lane  2 ,  pMAllB;  lane  3 ,  pMA161;  lane  4 ,  pMA137;  lane  5 ,  pMA103;  
lane  6 ,  pRjaPRC193;  lane  7 ,  pMA135;  lane  8 ,  pMAllO;  lane  9 ,  pMA146;  lane  10,  pMA171;  
lane  11,  pMA127;  and lane  12,  pMA147.  
Hpa I 
I l l  
s i te  in  the  vector  pVK102,  and Kpnl  does  not ,  each se t  of  d iges t ions  
wi l l  be  considered separa te ly .  
The cosmid vector  conta ins  no recogni t ion sequences  for  the  
enzyme Kpnl .  Costnids  d iges ted  wi th  Kpnl  may have the  fo l lowing band 
pat tern  on gels .  F i rs t ,  i f  no Kpnl  sequence i s  found in  the  inser t ,  
then the  ent i re  cosmid wi l l  remain  undiges ted ,  and l inear ,  open 
c i rcular ,  and super  coi led  DMA i s  seen on subsequent  ge ls .  An example  
of  th is  i s  the  Kpnl  d iges t  of  cosmid pMA124 (Figure  3 ,  lane  6) .  The 
recogni t ion of  a  s ingle  Kpnl  s i te  in  the  inser t  DMA resul ts  in  a  
l inear  f ragment .  Severa l  examples  of  th is  are  the  cosmids  pMA132,  
pMA135,  and pMA129 (Figure  3 ,  lanes  3 ,5 ,  and 11,  respect ively) .  The 
recogni t ion of  two or  more  Kpnl  sequences  resul ts  in  the  ' l ibera t ion '  
of  Kpnl  f ragments  f rom the  inser t  DNA. Such f ragments  are  very  
valuable  as  they can or ient  the  d iges t  pat terns .  That  i s ,  i f  a  4 .3  Kb 
Kpnl  f ragment  i s  l ibera ted  from an inser t ,  then one or  more  Hindi  11 
bands  must  conta in  Kpnl  s i te (s j  exact ly  4 .3  Kb away f rom each o ther .  
This  i s  exact ly  what  has  occurred in  c lones  pMA125,  pMA126,  and pMA117 
(Figure  3 ,  lanes  8-10) .  In  these  c lones ,  Hindl l l  bands  15 and 25 
conta in  Kpnl  s i tes ,  determined by double  d iges ts  d iscussed in  the  next  
sec t ion,  and these  bands  must  be  adjacent  and accommodate  a  4 .3  Kb 
Kpnl  band (Figure  9) .  I f  three  Kpnl  s i tes  are  located in  an inser t ,  
then two Kpnl  bands  are  l ibera ted  as  i s  the  case  for  pMA140 (Figure  3 ,  
lane  4) .  In  a l l  the  c lones  examined in  th is  s tudy,  none conta ined more  
than 3  Kpnl  s i tes  per  cosmid.  
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Since  Hindl l l  inser ts  may be  as  large  as  28 Kb,  as  seen in  c lone 
pMA121,  as  many as  24 Kpnl  bands  may be  l ibera ted  from inser ts  of  the  
c lone bank.  In  ac tual i ty ,  only  15 d i f ferent  Kpnl  bands  were  l ibera ted  
from inser ts .  Twenty-nine  of  the  111 cosmids  had Kpnl  bands  l ibera ted  
from inser ts  and the  larges t  Kpnl  band was  only  17.8  Kb.  These  fac ts  
are  not  too surpr is ing however ,  in  tha t  many c lones  conta ined a  s ingle  
s i te  in  the  inser ts  and therefore  could  not  l ibera te  a  f ragment .  S ince  
the  average inser t  s ize  was  roughly  21 Kb,  a  Kpnl  s i te  in  the  middle  
of  th is  DNA sec t ion would only  leave about  10 Kb of  DNA on each s ide  
of  the  recogni t ion sequence.  An example  of  th is  i s  the  large  inser t  in  
pMA121 (Figure  3 ,  lane  2) .  The inser t  DNA l ibera ted  Kpnl  band 11 but  
a lso  conta ined 13.5  Kb of  inser t  DNA on the  le f t  s ide  of  the  c lone 
(Figure  9) ,  which d id  not  conta in  Kpnl  recogni t ion sequences .  I t  turns  
out  f rom hybr idizat ion data ,  d iscussed in  a  fu ture  sect ion of  th is  
chapter ,  tha t  Kpnl  band 3  occupies  13.5  Kb of  pMA121 and extends  and 
over lapps  wi th  o ther  cosmids  but ,  i s  not  l ibera ted  from any par t icular  
inser t .  
In  much the  same way,  Hpal  was  used to  l ibera te  f ragments  f rom 
cosmid c lones .  This  enzyme d iges ts  pRjaPRC193 jus t  as  inf requent ly  as  
Kpnl  and provides  valuable  informat ion about  over lapping sequences .  A 
compl ica t ion exis ts  however ,  in  tha t  Hpal  recognizes  a  sequence in  the  
pVK102 vector  2 .3  Kb f rom one of  the  Hindl l l  vector- inser t  junct ion 
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s i tes .  I f  an  inser t  has  no Hpal  s i te ,  a  l inear  band wi l l  resul t  on an  
agarose  gel  due  to  a  s ingle  cut  in  the  pVK102 vector .  Inser t  DNA wi th  
a  s ingle  s i te  l ibera tes  a  band but  th is  i s  due to  recogni t ion of  a  
Hpal  s i te  in  the  vector  and in  the  inser t .  Because  these  bands  do not  
represent  t rue  Hpal  f ragments ,  the  bands  wi l l  be  referred  to  as  
'pseudobands '  in  th is  sect ion.  Pseudobands  have an  advantage however ,  
in  d is t inguishing the  or ienta t ion of  an  inser t  wi th  respect  to  the  
vector .  This  informat ion was  e f fec t ively  used in  conjunct ion wi th  
Hindl l l -Hpal  double  d iges ts  d iscussed in  the  next  sec t ion.  Only when 
two or  more  Hpal  s i tes  exis t  in  the  inser t  DNA, wi l l  a  Hpal  band wi l l  
be  ' l ibera ted '  f rom the  cosmid c lones .  
Figure  SB shows an agarose  gel  of  Rhizobium cosmids  d iges ted  wi th  
Hpal .  The p lasmid pRjaPRC193,  a lso  diges ted  wi th  Hpal ,  was  used to  
determine Hpal  l ibera ted  f ragments .  Cosmids  were  ident i f ied  wi thout  
Hpal  s i tes  in  the  inser t  DNA (Figure  3 ,  lanes  10,12) .  Most  cosmids  
appear  to  have a  s ingle  Hpal  recogni t ion in  the  inser t  DNA and two 
bands  are  seen (Figure  3 ,  lanes  1-4 ,  and 11) .  Cosmids  wi th  two s i tes  
in  the  inser t  DNA provided bona f ide  Hpal  bands  and pseudobands  
(Figure  3 ,  lanes  5 ,  and 7-9) .  An example  of  informat ion gained f rom 
these  d iges t ions  wi th  Hpal  i s  the  analys is  of  cosmid pMA145.  The 
cosmid pMA145 produced f ive  f ragments  when d iges ted  wi th  Hpal  (Figure  
3 ,  lane  9) .  The la rges t  band (band 1)  i s  composed of  pVK102 vector  and 
par t  of  the  Hindl l l  inser t .  The next  la rges t  band i s  approximate ly  
10.5  Kb and i s  a  pseudoband.  In  th is  case ,  the  pseudoband migra tes  
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between Hpal  bands  10 and 11 and c lear ly  i s  not  a  Hpal  l ibera ted  
f ragment .  This  pseudoband must  have a  Hpal  s i te  2 .3  Kb deep in to  the  
pVK102 vector ;  tha t  i s ,  2 .3  Kb to  the  vector  s ide  of  a  HindiI I  
vector- inser t  s i te .  The o ther  8 .2  Kb of  the  10.5  Kb pseudoband i s  
inser t  DNA extending f rom the  HindiI I  inser t ion s i te  to  the  f i rs t  
inser t  Hpal  s i te .  The th i rd ,  for th ,  and f i f th  larges t  bands  are  Hpal  
bands  15,  19,  and 20,  respect ively .  The order  of  these  Hpal  bands  was  
determined by double  Hindl l l -Hpal  d iges t ions .  The or ienta t ion of  th is  
cosmid must  therefore  be:  the  larges t  vector  band,  fo l lowed by the  
pseudoband,  which conta ins  2 .3  Kb of  vector  DNA, and then Hpal  bands  
16,  19,  and 20.  Unident i f ied  inser t  DNA fo l lows the  Hpal  l ibera ted  
bands  and i s  par t  of  the  vector  DNA which conta ins  a  Hindi  11 s i te .  The 
cosmid pMA146 has  been ass igned to  a  speci f ic  locat ion on the  physical  
map of  pRjaPRC193 (Figure  9) .  Pseudobands  in  d i f ferent  cosmids  are  
more  d i f f icul t  to  analyze  due to  comigrat ion wi th  rea l  Hpal  f ragments  
of  pRjaPRC193 and double  d iges t ions  wi th  Hindl l l -Hpal  were  necessary  
to  ident i fy  rea l  Hpal  bands  (Figure  3 ,  lanes  5  and 7) .  
4 .  Double  d iges ts  of  cosmid DNA 
Figure  4  conta ins  photographs  of  gels  conta ining s ingle  and 
double  d iges ts  of  pMA-cosmids .  Cosmid pMAlOl  i s  a  good example  of  the  
informat ion gained f rom double  d iges t  analys is  (Figure  4B,  lanes  1-3) .  
Hybr idizat ions  wi th  th is  DNA region are  discussed in  the  next  sec t ion.  
As shown in  Table  2 ,  pMAlOl  conta ins  a  23.8  Kb inser t  wi th  the  
Figure  4 .  Co s in  id  c lones  of  pRjaPRC193 d iges ted  wi th  l l indl l l ,  Hindl l l -Hpal ,  and Hindl l l -Kpnl  
double  d iges t ions  A:  lanes  1 ,  2 ,  3 ,  conta ins  pMA153 d iges ted  wi th  HindiI I .  
Hindi  11- l lpal ,  and Hindi  11-Kpnl ,  respect ively;  lanes  4 ,  5 ,  conta ins  pMAllB d iges ted  
wi th  Hindl l l ,  and Hindi  I I -Hpal ,  respect ively;  lanes  6 ,  7 ,  conta ins  pMA134 d iges ted  
wi th  Hindl l l ,  and Hindi  11-Hpal ,  respect ively;  lanes  8 ,  9 ,  conta ins  pMA136 d iges ted  
wi th  Hindl l l ,  and Hindi  1I -Hpal ,  repect ively;  lane  10,  pRjaPRC193 d iges ted  wi th  
Hindl l l ;  lane  11,  pMA140 d iges ted  wi th  Hindi  I I -Hpal ;  lanes  12,  13,  14,  conta ins  
pMA144 d iges ted  wi th  Hindl l l ,  Hindi  11-Hpal ,  and Hindi  I I -Kpnl ,  respect ively;  lanes  
15,  16,  conta ins  pMA103 d iges ted  wi th  Hindl l l ,  and Hindi  I I -Hpal ,  respect ively;  and 
lanes  17,  18,  conta ins  pMA169 d iges ted  wi th  Hindl l l ,  and Hindi  I I -Hpal ,  respect ively .  
B:  lanes  1 ,  2 ,  3 ,  conta ins  pMAlOl  d iges ted  wi th  Hindl l l ,  Hindi  I I -Hpal ,  and 
Hindi  I  I -Kpnl ,  respect ively;  lanes  4 ,  5 ,  6 ,  conta ins  pMA164 d iges ted  wi th  Hindl l l ,  
HindiI l - l lpa l ,  and Hindi  11-Kpnl ,  respect ively;  lanes  7  and 15,  Hindi  11 d iges ted  
pRjaPRC193;  lanes  8 ,  9 ,  10,  conta ins  pMA106 d iges ted  wi th  Hindl l l ,  Hindi  I I -Hpal ,  and 
Hindi  I I -Kpnl ;  lanes  I I ,  12,  conta ins  pMA113 d iges ted  wi th  Hindl l l ,  and Hindl l l -Hpal ,  
resect ively;  lanes  13,  14,  conta ins  pMA102 d iges ted  wi th  Hindl l l ,  and Hindi  I I -Hpal ,  
respect ively;  lanes  16,  17,  conta ins  pMA124 d iges ted  wi th  Hindl l l ,  and Hindi  I I -Hpal ,  
respect ively;  lanes  18,  19,  20,  conta ins  pMA145 d iges ted  wi th  Hindl l l ,  Hindi  I I -Hpal ,  
and Hindi  I I -Kpnl ,  respect ively .  
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fo l lowing Hindl l l  f ragments :  5a ,  11a ,  32a ,  and 46.  Diges t ion of  pMAlOl  
wi th  Hindl l l  and subsequent  gel  e lec t rophores is  provides  separa t ion of  
individual  bands  (Figure  4B,  lane  1) .  A double  d iges t ion of  pMAlOl  
wi th  Hindl l l  and Hpal  d i rec t ly  shows which Hindl l l  bands  are  diges ted  
wi th  Hpal  (Figure  4B,  lane  2) .  The la rges t  band i s  a  t runcated par t  of  
the  pVK102 vector ;  a  2 .3  Kb Hindl l l -Hpal  vector  f ragment ,  descr ibed in  
the  previous  sec t ion,  i s  a lso  produced by th is  double  d iges t .  The next  
la rges t  band migra t ing in  the  gel  i s  Hindl l l  band 5a .  This  f ragment  
does  not  conta in  a  Hpal  s i te  and therefore  remains  the  same s ize .  The 
th i rd  larges t  band i s  Hindl l l  band 11a which conta ins  a  s ingle  Hpal  
s i te .  A 7 .0  Kb and 1 .0  Kb f ragment  a re  produced as  can be  seen in  the  
gel  (Figure  4B,  lane  2) .  This  character izes  o ther  Hindl l l  band l i s  
wi th  the  same Hpal  d iges t ion pat tern  as  11a and ass is ts  in  determining 
over lapping DNA sequences .  This  does  not  however ,  guarantee  tha t  two 
band Has  are  the  same f ragment  because  11a could  be  dupl ica ted  
e lsewhere  in  the  plasmid pRjaPRC193,  and show the  same d iges t ion 
pat tern .  Cont inuing wi th  the  Hindl l l -Hpal  d iges t  of  pMAlOl ,  i t  i s  
c lear  Hindl l l  band 32a does  not  d iges t  wi th  Hpal  (Figure  4B;  lane  2) .  
Thus ,  the  cosmid pMAlQl  conta ins  a  s ingle  Hpal  s i te  located in  Hindl l l  
band 11a .  
At  th is  point ,  i t  i s  important  to  note  tha t  a  g iven Hindl l l  band 
may conta in  a  Hpal  s i te  very  near  i t s  end.  I f  th is  i s  the  case ,  the  
f ragment  would  appear  to  remain the  same s ize  and a  t iny  end p iece  
would  migra te  of f  the  gel .  Such a  s i tua t ion could  only  be  resolved by 
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s ingle  d iges ts  of  a  cosmid wi th  Hpal  as  descr ibed in  the  previous  
sect ion.  Therefore ,  a  combinat ion of  var ious  s ingle  and double  
d iges t ions  are  very  valuable  for  accurate  res t r ic t ion mapping analys is  
of  large  inser ts .  An examinat ion of  pMAlOl  wi th  Hpal  only  indicated a  
s ingle  s i te  occurred in  the  inser t  DNA, which ver i f ies  the  above 
observat ions .  
Double  d iges ts  wi th  Hindl l l -Kpnl  of  pMAlOl  shows the  ef fec t  of  
having a  Kpnl  f ragment  present  in  the  23.8  Kb Hindl l l  inser t .  Three  
f ragments  corresponding to  the  d iges t ion of  the  Hindl l l  band 5a  
f ragment  by Kpnl  a re  seen in  the  double  d iges t ion,  and have molecular  
weights  of  5 .1 ,  4 .9 ,  and 2 .3  Kb (Figure  4B,  lane  3) .  The o ther  Hindl l l  
bands  of  the  inser t  do not  d iges t  wi th  Kpnl .  A rapid  scan of  the  
molecular  weights  in  Table  1  shows tha t  the  only  band corresponding to  
the  molecular  weight  of  a  Kpnl  band i s  the  Kpnl  band 19a ,  a  2 .3  Kb 
f ragment .  The 5 .1  and 4 .9  Kb bands  must  be  on e i ther  s ide  of  the  2 .3  
Kb band for  i t s  l ibera t ion by Kpnl .  A s ingle  d iges t  of  pMAlOl  showed 
two bands  were  l ibera ted  from the  cosmid,  namely,  Kpnl  band 5a  and 19a 
[Table  3) .  A very  smal l  Hindl l l  band conta ining a  Kpnl  s i te  i s  a t  the  
bot tom of  the  lane  conta ining Hindl l l  d iges ted  pMAlOl ,  and i s  miss ing 
in  the  lane  wi th  the  double  d iges t  HindiI I -Kpnl  (Figure  4B,  lanes  1  
and 3 ,  respect ively) .  Since  Hindl l l  band 5a  and th is  very  smal l  band 
d iges t  wi th  Kpnl ,  the  large  Kpnl  band 5a  must  span 17.8  Kb of  the  
pMAlOl  inser t .  Therefore ,  the  Kpnl  band 5a  ass is ts  in  the  or ienta t ion 
of  Hindl l l  f ragments  in  pMAlOl .  In  th is  case ,  not  only  was  the  band 
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locat ion of  Kpnl  s i tes  determined,  but  a  Kpnl  f ragment  was  re leased 
from HindIII  band 5a .  This  c lear ly  ident i f ies  one of  the  12 Kb Hindl l l  
bands  as  5a .  Together  wi th  the  Hindl l l -Hpal  double  d iges t  informat ion,  
the  evidence provided was  used in  determining the  map order  of  pMAlOl  
(Figure  9) .  
Evidence of  l inkage re la t ionships  between cosmids  wi th  
over lapping sequences  has  been determined to  a  great  extent  by the  
s ingle  and double  d iges ts  descr ibed above.  This  has  been especia l ly  
important  in  s i tuat ions  where  the  over lapping Hindl l l  f ragments  have 
s imi lar  molecular  weight  counterpar ts ,  tha t  i s ,  mul t ip le  bands .  For  
example ,  c lones  pMA106 and pMA145 both  have Hindl l l  bands  l lx ,  15x,  
and 21x in  common (x  means  the  ident i ty  of  the  band i s  unknown for  
mul t ip le  bands) .  An examinat ion of  Hindl l l -Hpal  d iges ts  of  the  two 
cosmids  does  not  d i f ferent ia te  between the  mul t ip le  bands  present  in  
each inser t  (Figure  4B,  lanes  9  and 19) .  A Hindl l l -Kpnl  d iges t  
determines  Hindl l l  band 2 ix ,  which can now be  termed 21c,  has  the  same 
d iges t  pat tern  in  the  two cosmids  (Figure  4B,  lanes  10 and 20) .  The 
4 .4  Kb Hindl l l  band 21c i s  diges ted  by Kpnl  in to  a  2 .4  and 2 .0  Kb 
f ragment .  Here ,  i t  i s  important  to  observe  the  increased in tens i ty  of  
the  double  d iges t  of  the  2 .4  Kb Hindl l l -Kpnl  f ragment  which comigrated 
wi th  the  Hindl l l  band 34b (Figure  4B,  lane  10) ,  A compar ison of  the  
Hindl l l -Kpnl  d iges t  of  Hindl l l  band 21c helps  to  conf i rm th is  
observat ion (Figure  48,  lane  20) .  A s imi lar  observat ion was  found wi th  
the  HindiI I -Kpnl  double  d iges t  of  cosmid pMA144 (Figure  4A,  lanes  
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12-14) .  
The cosmid pMA153 does  not  appear  to  d iges t  wi th  Hindl l l -Hpal  or  
Hindl l l -Kpnl  (Figure  4A,  lanes  1-3) .  This  cosmid i s  of  par t icular  
importance  because  i t  conta ins  two Hindl l l  bands ,  3  and 14,  which 
hybr idize  wi th  a  ni fW probe (d iscussed in  the  next  sec t ion) .  When 
d iges ted  only  wi th  Kpnl ,  pMA153 does  produce a  s ingle  band on a  ge l .  
This  suggests  a  Kpnl  s i te  exis ts  in  the  inser t  DNA. A c lose  compar ison 
of  Hindl l l  band 3 ,  double  d iges ted  wi th  Hindl l l -Kpnl ,  shows a  s l ight  
reduct ion of  Hindl l l  band 3  (Figure  4A,  lane  3) .  Another  example  of  
th is  s i tuat ion was encountered wi th  cosmid pMA134,  a l though the  
reduct ion in  s ize  of  Hindl l l  band 8  was  c learer  (Figure  4A,  lanes  6  
and 7) .  A re la ted  problem occurred in  cases  where  a  double  d iges t  d id  
not  appear  to  cut  a  g iven f ragment ,  but  a  new,  smal ler  s ized band 
appeared.  This  was  observed wi th  pMA103 when double  d iges ted  wi th  
Hindl l l -Hpal  (Figure  4A,  lanes  15 and 16) .  I t  was  or ig inal ly  thought  
only  one Hindl l l  band 11 exis ted  in  the  cosmid inser t .  The double  
d iges t  revealed the  presence  of  one Hindl l l  band 11,  wi thout  a  Hpal  
s i te ,  and hence termed 11a,  and a  band 11 which d iges ted  wi th  Hpal ,  
Hindl l l  band l ib .  Most  of  the  t ime two comigrat ing bands  a re  eas i ly  
detect ib le ,  but  in  th is  case  the  observat ion went  unnot iced unt i l  the  
Hindl l l -Hpal  double  d iges t ion.  
5 .  Southern  hybr idiza t ions  for  mapping 
Another  tool  used in  physical ly  mapping DNA i s  Southern  
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3 2  hybr idizat ions  (Southern ,  1975) .  P- labeled cosmids  were  hybr idized 
to  Southern  t ransfers  conta ining:  Hindi  11 d iges ted  Lambda DNA; Hindi! I  
d iges ted  pRjaPRC193;  Hpal  d iges ted  pRjaPRC193;  Kpnl  d iges ted  
pRjaPRC193;  and Hpal  Kpnl  double-diges ted  pRjaPRC193 (Southern  b lo ts  
in  Figures  5A and 5C d id  not  conta in  the  double-diges t ) .  These  b lo ts  
wi l l  be  referred to  as  'pRjaPRCI93 Southern  b lots '  unless  o therwise  
noted.  An agarose  gel  conta ining these  d iges ts  has  been shown 
previously  in  th is  sect ion (Figure  1 ,  lanes  1-5) .  Repl icas  of  these  
d iges ts  were  used in  the  Southern  hybr idiza t ions .  In  pr inciple ,  a  
sequence of  labeled,  ssDNA should  bind to  homologous  ssDNA bound to  
f i l te rs ,  as  previously  descr ibed in  the  f i rs t  two chapters .  In  mapping 
analys is ,  the  hybr idiz ing DNA sequences  can be  used to  determine 
over lapping sequences  amoung c lones ,  ident i fy  s imi lar  sequences  
d iges ted  wi th  o ther  enzymes,  and ass ign known gene sequences ,  such as  
n i f  genes ,  to  a  par t icular  locat ion.  This  i s  not  the  case  for  the  
plasmid pRjaPRC193.  
The hybr idiza t ions  descr ibed below show that  many repeated 
sequences  exis t  in  pRjaPRC193.  A g iven hybr idiza t ion us ing one of  the  
pMA-cosmids  showed homology not  only  to  i t s  own inser t ,  but  a lso  to  
many o ther  res t r ic t ion f ragments .  While  the  Hindl l l  bands  in  the  
inser t  are  known,  the  s t ra tegy here  was  to  use  hybr idiza t ions  for  
ident i fy ing Hpal  and Kpnl  bands  which over lap  the  inser t .  
Hybr idizat ions  us ing the  s t ructura l  n i f  genes  and nodula t ion genes  as  
probes  showed these  sequences  are  repeated once each in  the  plasmid 
Figure  5 .  Southern  hybr idiza t ions  us ing d i f ferent  cosmid c lones  as  probes  to  d iges ted  
pRjaPRC193 Exact  t ransfer  membrane repl ica ' s  of  lanes  1-4  and 1-5  of  Figure  1  were  
used in  the  hybr idiza t ions .  A:  lane  1 ,  Lambda DNA d iges ted  wi th  l l indl l l ,  and lanes  
2 ,  3 ,  and 4 ,  conta ins  pRjaPRC193 d iges ted  wi th  l l indl l l ,  Hindl l l -Hpal ,  and 
Hindi  I I -Kpnl ,  respect ively .  The hybr idiza t ion probe i s  pMA164.  B:  lane  content  the  
same as  A,  except  tha t  t lpal -Kpnl  d iges t  of  pRjaPRC193 i s  in  lane  5 .  The 
hybr idiza t ion probe i s  pMAlOl .  C:  lane  content  the  same as  B.  Hybr idizat ion probe i s  
pMA140.  D:  lane  content  i s  the  same as  B and C.  Hybr idizat ion probe i s  pMA157.  
P.pMAJ57 P pMANO P-pMAWl P pMA164 
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pRjaPRC193 and conf i rms the  work of  Prakash and Ather ly  in  th is  
laboratory  (Depar tment  of  Genet ics ,  Iowa Sta te  Univers i ty ,  personal  
communicat ion) .  Al though repeated sequences  are  more  d i f f icul t  to  map,  
these  symbiot ic  gene sequences  were  ass igned to  speci f ic  locat ions  on 
the  physical  map.  Other  sequences  are  a lso  repeated throughout  the  
plasmid,  a l though thei r  genet ic  funct ion i s  unknown.  The aspect  of  
repeated DNA sequences  i s  more  thoroughly  examined us ing a  novel  
hybr id iza t ion method in  the  fol lowing sect ion on Southern  Cross  
res t r ic t ion mapping.  Nonetheless ,  some of  the  informat ion gained f rom 
the  Southern  hybr idiza t ions  was  useful  and i s  descr ibed below.  
The f i r s t  Southern  hybr idiza t ion example  i s  wi th  cosmid pMA154.  
The reason th is  c lone was  examined us ing these  procedures  i s  that  no 
o ther  cosmid was  found wi th  Hindi  11 band 1  for  use  in  over lap  
analys is .  The autoradiograph of  a  'pRjaPRC193 Southern  b lot '  wi th  
^^P- labeled pMA154 i s  shown in  Figure  5A.  The Hindl l l  bands  1 ,  26,  31,  
and 45,  f rom the  inser t  in  pMA154 produce br ight  hybr idiza t ion s ignals  
wi th  Hindl l l  d iges ted  pRjaPRC193 (see  arrows in  Figure  5A).  The o ther  
pRjaPRC193 Hindl l l  bands  which hybr idized are  sequences  in  pMA164 tha t  
are  homologous  to  o ther  regions  of  the  plasmid.  The Hpal  d iges ted  
pRjaPRC193 bands  1 ,  3 ,  5 ,  5 ,  13,  15,  15,  18 ,  19,  a l l  hybr idize  wi th  
the  probe,  a l though to  varying degrees  (Figure  5A).  The Kpnl  d iges ted  
pRjaPRC193 bands  a lso  hybr idized s t rongly  wi th  the  probe,  and they 
include Kpnl  bands  2 ,  7 ,  8 ,  13,  14,  and 17.  I t  was  known f rom evidence 
presented ear l ier  that  Hpal  l ibera tes  Hpal  band 5 ,  and Kpnl  l ibera tes  
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Kpnl  band 8  from pMA164.  These  bands  hybr idize  and show s t rong s ignals  
wi th  pRjaPRC193 (Figure  5A).  The l ibera ted  bands  had a l ready 
determined the  or ienta t ion of  the  Hindi11 bands  in  the  inser t  of  
pMA164 (Figure  9) .  The important  ques t ions  however ,  a re  which Hpal  and 
Kpnl  bands  over lap  the  Hindl l l  inser t  in  pMA164.  To answer  th is ,  the  
Hpal  and Kpnl  bands  which produced the  greates t  amount  of  in tens i ty ,  
l ike  the  HindiI I  hybr id iz ing f ragments ,  were  screened for  the i r  
potent ia l  as  over lapping f ragments  wi th  pMA164.  Hpal  band 3  hybr idized 
s t rongly  and f i t ,  wi th  respect  to  Hpal  and Kpnl  d iges ts ,  to  a  c lone 
previously  descr ibed (Figures  5A and 9) .  Kpnl  band 14 a lso  s t rongly  
hybr idized and f i t  wi th  c lone pMAlOl  (Figures  5A and 9) .  In  th is  way,  
bands  which hybr idized s t rongly  were  matched wi th  poss ible  adjacent  
c lones .  
Clone pMAlOl  was  labeled and hybr idized to  a  'pRjaPRC193 Southern  
b lo t '  in  the  same way as  the  cosmid pMA164.  This  was  done to  conf i rm 
the  observat ions  made above for  Hpal  band 3  and Kpnl  band 14.  These  
two bands  d id  hybr idize  s t rongly  and gave fur ther  suppor t  to  the  
not ion that  pMA146 and pMA154 a re  adjacent  to  each o ther  in  pRjaPRC193 
(Figure  SB) .  Other  bands ,  not  present  in  the  inser t ,  a lso  hybr idized 
to  Hindl l l  d iges ted  pRjaPRC193,  and presumably  to  Hpal  and Kpnl  
d iges ted  pRjaPRC193 as  wel l .  The Hpal  bands  inc lude:  3 ,  5 ,  7 ,  9  or  10,  
and 11.  Kpnl  bands  which hybr idized wi th  the  cosmid are :  1 ,  2 ,  5 ,  14,  
and 19.  This  evidence suppor ts  the  informat ion obta ined from the  
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l ibera t ion of  Kpnl  band 5a  and 19a f rom pMAlOl  and shows Kpnl  band 14 
probably  over laps  the  cosmids  pMAlOl  and pMA164.  
A problem i s  encountered however ,  in  us ing bands  which only  
hybr idize  s t rongly  as  the  bas is  for  determining t rue ,  over lapping 
sequences .  An inser t  such as  tha t  found in  pMA164 may only  have a  
smal l  region of  homology wi th  an  over lapping Hpal  or  Kpnl  f ragment .  
This  occurs  on the  s ide  of  pMA164 conta ining a  Hpal  s i te  for  HindiI I  
band 26.  Only a  smal l  amount  of  DNA remains  d is ta l  to  the  res t  of  the  
inser t .  Cosmid pMA146,  descr ibed in  the  preceding sect ion,  l ibera tes  
Hpal  band 16 when d iges ted  wi th  Hpal .  S ince  both  pMA164 and pMA146 
have over lapping sequences ,  and pMA164 hybr id ized wi th  Hpal  band 16,  
the  two cosmids  are  probably  adjacent  in  pRjaPRC193 (Figures  5A and 
9) .  
This  type  of  analys is  wi th  o ther  cosmids  y ie lded the  same kind of  
resul ts .  Hybr idizat ions  wi th  cosmids  pMA140 and pMA157 to  'pRjaPRC193 
Southern  b lots '  again  showed homology wi th  more  sequences  than those  
present  in  the  inser ts  (Figures  5C and 5D).  The data  us ing pMA157 
provided evidence for  over lapping sequences  near  s t ructura l  n i f  genes .  
Unt i l  the  Southern  b lot  was  done us ing pMA157 as  a  probe,  the  Kpnl  
over lap  of  pMA157 and pMA122 was  unknown.  In  th is  par t icular  case ,  the  
hybr idiza t ion data  c lear ly  ident i f ied  Kpnl  band 3  as  the  over lapping 
f ragment  (Figure  9) .  Hybr idizat ion us ing pMA140 as  a  probe only  
ver i f ied  the  Hpal  and Kpnl  l ibera ted  f ragments  (Figures  5C and 9) .  
Some of  the  o ther  bands  which hybr idized were  a l ready ass igned to  
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other  c lones ;  Hpal  bands  16 and 19 hybr idized but  are  located in  the  
inser t  of  pMA146.  Other  bands  which hybr idized wi th  th is  c lone could  
not  be  ass igned to  over lap  wi th  d i f ferent  c lones .  Hindl l l  band 32b i s  
a  common band between c lones  pHA140 and pMA157 and could  be  par t ly  
responsible  for  the  hybr idizat ion resul ts  obta ined.  
Hybr idizat ions  us ing the  cosmid pMA144 suppor ted  evidence for  
over lapping sequences  wi th  pMA146 (Figure  6A).  These  cosmids  had 
Hindi! I  bands  22 and 31b in  common.  The ' l e f t '  s ide  of  pMA144 was  
unknown however ,  and a  potent ia l  adjacent  cosmid was  hybr idized to  a  
s t r ipped blot  of  the  pMA144 hybr id iza t ion (Figure  6B) .  This  cosmid was  
pMA174 which conta ined three  bands  in  common to  pMA144,  Hindi11 bands  
9 ,  22,  and 31b,  and had in  addi t ion Hindl l l  bands  17 and 18b.  The 
hybr idiza t ion resul t  was  genera l ly  agreeable ,  except  tha t  c lone pMA174 
showed homology wi th  Kpnl  band 13 and pMA144 d id  not .  Since  the  inser t  
of  pMA144 i s  presumedly  included in  pMA174,  the  resul t  i s  not  readi ly  
expla inable .  
The locat ion of  symbiot ic  genes  was  determined by hybr idiza t ions  
wi th  c loned sequences .  The proper t ies  of  the  n i f  and nod probes  have 
been descr ibed in  the  previous  two chapters .  The s t ructura l  n i f  genes  
were  hybr idized to  a  Southern  b lot  conta ining Hindl l l  d iges ted  
pRjaPRC193 DNA in  order  to  determine the  f ragments  harbor ing n i f  gene 
sequences .  St rong hybr idizat ion was  observed wi th  Hindl l l  bands  2  and 
3 ,  whi le  a  moderate  to  low amount  was  seen wi th  bands  14,  30,  and 40 
(Figure  5D).  Clones  pMA153 and pMA154 conta in  Hindl l l  bands  3  and 14 
Figure  6 .  Southern  hybr idiza t ions  us ing cosmid c lones  as  molecular  probes  and examinat ion of  
symbiot ic  gene sequences  in  var ious  cosmids  A:  lane  1 ,  Lambda DNA d iges ted  wi th  
Hind I I I ;  lanes  2 ,  3 ,  and 4 ,  conta ins  pRjaPRC193 d iges ted  wi th  Hindl l l ,  
HindiI I -Hpal ,  Hindl l l -Kpnl ,  and Hpal-Kpnl ,  respect ively .  The hybr idiza t ion probe i s  
pMA144.  B:  lane  content  i s  the  same as  A.  Hybr idizat ion probe i s  pMA174.  C:  lane  
content  i s  the  same as  the  f i rs t  three  lanes  in  A.  Hybr idizat ion probe i s  pMA153.  D;  
hybr id iza t ion of  n i f  gene sequences  to  lanes  1 ,  2 ,  and 3 ,  conta ining pRjaPRC193,  
pMA153,  and pMA154,  respect ively .  Also ,  hybr id iza t ion of  nod gene sequences  to  lanes  
4 ,  5 ,  6 ,  and 7 ,  conta ining pRjaPRC193,  pMA106,  pMA121,  and pMA169,  respect ively .  
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(Figure  60) .  Cosmids  pMA102 and pMA167 had HindIII  band 30;  pMA117,  
pMAllS,  and pMA161,  harbored HindIII  band 40 ( resul ts  not  presented) .  
The 3 .5  Kb nod probe f rom R.  mel i lo t i  hybr idized to  HindIII  bands  
5b,  15a ,  and 19b (Figure  6D).  Clone pMA157 conta ined the  larges t  
HindIII  band,  5b (Figure  6D).  Clones  pMA172 and pMA159 carry  HindIII  
bands  15a and 19b,  respect ively  (Figure  60) .  Therefore ,  the  genes  
involved in  symbiosis  were  f i r s t  hybr idized to  HindIII  d iges ted  
pRjaPRC193 and then to  se lec ted  c lones  which conta ined s imi lar  s ized 
bands .  
Hybr idizat ions  were  performed wi th  one of  the  cosmids  carrying 
n i f  genes  descr ibed above.  The cosmid pMA153 was  hybr idized wi th  a  
'pRjaPRC193 Southern  b lo t '  and Hpal  bands  1 ,  2 ,  7 ,  12,  and 20,  a l l  
showed homology.  Kpnl  bands  2 ,  3 ,  5 ,  and 15,  a lso  hybr idized wi th  the  
probe.  Since  a  Kpnl  s i te  had been found near  the  end of  HindIII  band 
3 ,  as  previously  descr ibed,  some idea  of  the  order  in  the  inser t  was  
es tabl ished.  This  c lone was  eventual ly  ass igned a  posi t ion adjacent  to  
c lone pMA157,  and was  descr ibed in  an ear l ier  sect ion (Figure  9) .  
6 .  Southern  Cross  res t r ic t ion mapping 
A new,  novel  procedure  was  used in  mapping and determining 
repeated sequences  in  the  plasmid pRjaPRC193.  Basical ly ,  two previous  
methods .  Southern  hybr idiza t ion and b lo t t ing,  are  employed a t  the  same 
t ime such tha t  a  physical  map of  g iven piece  of  DMA, wi th  two or  more  
res t r ic t ion enzymes,  can be  made.  A packaged k i t  was  purchased (New 
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England Nuclear)  which included chemicals  and ins t ruct ions  for  th is  
type of  mapping (descr ibed in  the  Mater ia ls  and Methods  sec t ion) .  The 
enzymes Hindl l l  and Hpal  were  used to  map and ver i fy  over lapping 
sequences  of  pRjaPRC193 in  th is  appl ica t ion of  the  Southern  Cross  
method and in  the  determinat ion of  repeated sequences  in  the  plasmid.  
The procedure  takes  place  in  two s tages :  prepara t ion of  Southern  
b lo ts ,  each conta ining a  d i f ferent  d iges t  of  pRjaPRC193,  and 
hybr idiza t ion of  homologous  DNA on membrane f i l te rs  in  a  sandwich type  
s t ructure .  pRjaPRC193 was  d iges ted  wi th  Hindl l l ,  and a lso  wi th  Hpal  
separa te ly ,  and the  resul t ing f ragments  were  separa ted  by gel  
e lec t rophores is ,  t ransferred to  GeneScreen Plus  hybr idiza t ion t ransfer  
membrane (New England Nuclear)  and a l lowed to  bind.  While  these  ' cold '  
3 2  
t ransfers  were  taking place ,  a  'hot '  t ransfer  wi th  P end- labeled 
pRjaPRC193 was  const ructed wi th  regular  GeneScreen membrane.  The key 
fac tor  in  the  whole  procedure  i s  that  the  'hot '  t ransfer  i s  not  
a l lowed to  bind to  the  membrane.  The labeled Hindl l l  t ransfer  was  
p laced in  hybr idiza t ion condi t ions  such tha t  the  f ragments  were  f ree  
to  'd i f fuse '  through the  cold  membranes ,  which were  p laced a t  a  90°  
angle  wi th  respect  to  the  labeled t ransfer  membrane.  Non-homologous  
DNA was  removed and the  resul t ing autoradiographs  are  shown in  Figures  
7  and 8 .  
The Southern  cross  res t r ic t ion mapping method may bes t  be  
i l lus t ra ted  by us ing your  hands  in  the  fol lowing analogy.  Let  your  
r ight  hand represent  the  P- labeled Hindl l l  d iges t  t ransfer .  The 
op 
Figure 7.  Southern cross hybridization with P-Hindlll  digested pRjaPRC193 versus nonlabeled 
HindiII  digested pRjaPRC193 Diagonal l ine represents single copy sequences,  while 
hybridization signals apart  from the diagonal l ine are repeated sequences.  
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index finger is  the largest  band, while the l i t t le finger represents 
the smallest  band. With this hand palm up, place the left  hand palm 
down, and at  a 90° angle over the r ight hand allowing contact  between 
the fingers of each hand. The plasmid DNA on the left  hand may 
represent a control ,  that  is ,  a cold Hindlll  digest ,  or may represent 
a different enzyme for mapping purposes,  in this case Hpal.  Under 
hybridization conditions,  the 'hot '  Hindlll  bands from the right hand 
will  diffuse up to and through the left  hand, which has i ts  DNA f irmly 
bound. Only those places where homologous DNA intersects will  dsDNA 
hybrids form. After the hybridization period, the hands are washed. 
The r ight hand will  contain some labeled sequences which did not 
transfer,  while the left  hand can have two possibil i t ies.  First ,  i f  
the DNA on the left  hand is  a Hindlll  control ,  then a diagonal l ine 
should be seen on an autoradiograph. That is ,  a spot will  form where 
each similar,  or homologous,  f inger comes into contact .  The two index 
fingers will  form a spot where they touch, and so on.  A diagonal 
series of dots,  due to hybridization signals at  homologous intersects,  
will  be seen in an autoradiograph of this control .  Second, i f  the cold 
transfer on the left  hand contains a different digest ,  such as Hpal 
digested pRjaPRC193, then a specific array of dots is  expected 
corresponding to homologous sequences.  Since the orientation of the 
largest  DNA bands are known, the index fingers representing these 
bands,  the relationship between two different digests can be 
established. 
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A very interesting result  was obtained from the Hindi 11 control  
(Figure 7).  At least  15 hybridization spots were detected off the 
diagonal l ine.  These signals represent homologous sequences that  are 
repeated and distributed throughout the plasmid. I t  has been shown 
that  both nif  and nod sequences are repeated once each. Since the nif  
gene sequences are present mainly on HindiII  bands 2 and 3,  the bands 
are too close to show divergence from the diagonal l ine.  However,  
hybridization spots can be seen between Hindlll  bands 5,  15,  and 19,  
which contain sequences homologous to the nod probe.  The genetic 
content of the other signals is  unknown. A comparison of the results 
obtained for repeti t ive sequences using Southern blots,  described 
earl ier  in this section,  and these results suggest  a small  sequence 
may be repeated.  I t  is  possible i t  is  an insertion sequence,  but 
detailed analysis will  be required to solve this dilemma. 
The hybridization of Hindi11 labeled plasmid to Hpal digested 
pRjaPRC193 resulted in the autoradiograph seen in Figure 8.  The 
hybridization signals have been examined and are l isted in Table 4.  An 
init ial  examination of the hybridization shows that  many bands have 
considerable homology with each other.  Here again,  the problem of 
repeated sequences interferes with the mapping process.  Even small  
Hpal bands show homology with many bands of HindiII  digested 
pRjaPRC193. For instance,  Hpal band 20,  only 2.6 Kb in size,  
hybridizes with Hindlll  bands 11,  14 or 15,  24,  32,  39,  and 40.  
Evidence presented earl ier  showed Hpal band 20 was contained in clone 
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Table 4.  Southern Cross restriction mapping of pRjaPRC193 
Hpal*: HindIII  bands homologous to Hpal bands' ' :  
la ,b 2,3,4,8,9,11 or 12,15,16,17,20,21,24,31,32,34,36,37,41 
2.  5,8,9,15,16,21,23,24,31,34,35,38,43 
3,4.  1,2.3,5,10,11,12,15,16,24,42 
5a,b 1,2,5,9,10,11,12,15,16,19,21,22,23,24,25,30,31,32,35, 
36,43,44 
6.  1,26,31 
7,8.  2,11,14,19,22,24,27,35,43 
9.  11,18,20,32,33,40 
10.  11,22,28,32,40 
l la.b 6 or 7,11,19,24,32,38,40 
12.  2,11,19,24,32,41 
13. 16,19,32 
14.  11,24,27,36 
15. 2,5,19,24,32 
16. 2,19,31,32 
17. 2,19,24,32 
18.  2 ,10,12 
19. 2,14 or 15,19,32 
20. 11,14 or 15,24,31,39,40 
21. 11 or 12 
^Hpal bands which migrated very close to each other,  and could 
not be resolved with respect to hybridizations,  are shown in pairs.  
'^Hindlll  digested pRjaPRC193 was end-labeled with 
op 
Figure 8.  Southern cross hybridization of P-Hindlll  pRjaPRC193 versus nonlabeled Hpal 
digested pRjaPRC193. Hybridization signals show homologous sequences 
Hindlll Bands 
42 40 3S 36 33 3) 30 ?8 26 24 22 21 19 18 16 IS 119 8 7 5 3 1 
a 
9,10 
• 11,12 
13,14 
« 
'  :  :  .  / -
Hpal 
Bands 
15 
16 
17,18 
19 
20 
Southern Cross Hybridization 
"p-Hindlll vs Hpal 
139 
pMA146. The true,  homologous HindiII  bands are therefore 15 and 32,  as 
these are the only bands also present in the insert  of pMA146. 
Taking the repeti t ive sequences into account,  i t  was possible to 
find a number of homologous,  overlapping sequences with this 
procedure.  The Southern cross data were consistent with information 
collected from restriction digestions of the cosmids.  I t  was useful to 
check with these data when considering a given overlap of Hindlll  and 
Hpal fragments.  Also,  Hindlll  bands which did not hybridize with 
certain Hpal bands gave evidence that  these DNA fragments could not 
overlap.  This negative evidence was useful with double digest  analysis 
of some cosmids where overlapping Hpal bands were being considered. 
Perhaps the best  example of using this blot  for mapping purposes is  
seen with Hpal band 13.  Bright hybridization signals occur between 
this band and Hindlll  bands 16,  19 and 32. An examination of cosmids 
carrying these Hindlll  fragments shows that  pMA140 and pMA141, 
described earl ier ,  do in fact  l iberate Hpal band 13.  Hpal band 13 
overlaps Hindlll  bands 15 and 19 (Figure 9).  
I t  appears from this use of the method that  several  improvements 
can be suggested.  The Hindlll  digest  produces fragments less than 18.5 
Kb, which are suitable for transfer,  but also contains at  least  12 
different comigrating fragments.  In the example i l lustrated above with 
Hpal band 13,  i t  is  not readily known which of the double,  Hindlll  
bands 16 or 19 are homologous.  However,  with a DNA molecule 350 Kb in 
size,  no enzyme was found which produced ideal-sized bands for 
Figure 9.  Physical  and genetic map of large regions of pRjaPRC193 The restriction enzymes 
HindiII ,  Hpal,  and Kpnl were used to construct the physical  map. Cosmid clones used 
for mapping were assigned to specific map locations,  and nod gene sequences and 
their  locations are shown above the physical  map. 
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transfer and yet  had few doublets.  An unsuccessful at tempt was made to 
o p  
transfer P end labeled Hpal digested pRjaPRC193 in another,  similar 
Southern cross assay. Most of the large fragments did not appear to 
transfer through the GeneScreen Plus membranes,  which suggests the 
l imit  of the size of the band transferred is  probably close to 20 Kb. 
Hpal bands larger than Hpal band 6,  which include bands 20 Kb and 
larger,  account for well  over 200 Kb of DNA, or  nearly 62% of the 
plasmid. Also,  i t  is  imperative with this method that  the hot digest  
contain many fragments for transfer to cold blots.  The enzyme Xbal 
digests pRjaPRC193 into only eight fragments.  If  this was the hot 
transfer,  very l imited information would be obtained due to the few 
number of bands and the repeated sequences in pRjaPRC193. In addition,  
much information was obtained from the HindiII  control  assay due to 
the 44 or more bands present in the digest  (Figure 7).  Therefore,  
while there appears to be al ternative suggestions,  the enzyme Hindlll  
remains an acceptable choice for this method. Since so much was known 
about the Hindi 11 and Hpal digest  patterns before the use of the 
Southern cross,  i t  was valuable to use this information as an aid in 
the mapping process.  
143 
V. DISCUSSION 
The goal of this study was three-fold:  1) to find the location of 
symbiotic genes in R. japonicum; 2) do DNArDNA relatedness studies of 
the symbiotic genes and the DNA surrounding these regions;  and 3) to 
produce a physical  and genetic map of a R. japonicum symbiotic-coding 
plasmid. The f irst  two aspects of the goal were accomplished and over 
90% of the plasmid pRjaPRC193 was mapped. 
Of the l imited number of strains examined, i t  was interesting 
that  structural  nif  and nod genes were found exclusively on the 
chromosome, or large megaplasmid, of slow-growing R. japonicum. In the 
fast-growing ^  japonicum strains examined, these genes were found 
mostly on large plasmids,  and in only one case on the chromosome or 
megaplasmid (Masterson et  al .  1982).  This suggests the symbiotic genes 
are recent introductions to the fast-growing strains and that ,  
slow-growing strains have been endowed with this property for a longer 
t ime. Radiation of plasmid-borne symbiotic genes,  perhaps aided by 
conjugative plasmids,  has been suggested by Ruvkun and Ausubel (1980) 
as an explanation for the diverse types of strains having the 
nitrogen-fixing, symbiosis properties.  
The hybridization of nitrogen fixation and nodulation gene 
sequences to the DNA of slow- and fast-growing strains revealed their  
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location.  Strong conservation of these genes occurs in R. japonicum 
with respect to their  EcoRI restriction patterns.  All  the fast-growing 
strains have exactly the same hybridization pattern,  even strain 
PRC193 which does not harbor nif  or nod genes on i ts  plasmids.  
Modulation gene sequences in the fast-growers is  conserved but show 
some strain-to-strain variation in their  EcoRI restriction pattern.  I t  
appears the nodulation sequences are not as highly conserved as the 
nif  sequences and perhaps reflects the differences in the roles of the 
protein products of each system in symbiosis.  The slow-growing R. 
japonicum strains show a high degree of nif  gene sequence conservation 
with respect to hybridizations of EcoRI-digested total  DNA. Strains 
from many diverse locations showed the same nif  hybridization profile.  
The hybridization of nod structural  genes,  namely the 3.5 Kb nod 
fragment from R. meliloti  (Long et  al .  1982),  was radically different 
from the results obtained with the fast-growing R. japonicum strains.  
Hybridization was seen only when the nod probe was hybridized under 
reduced hybridizations.  The EcoRI bands that  hybridized showed a good 
amount of conservation between the slow-growing strains.  One important 
concern is  these particular hybridizations is  the known presence of 
insertion sequences near symbiotic genes in R. meliloti  (Ruvkun et  al .  
1982).  If  insertion sequences reside in or near symbiotic genes in R. 
japonicum, then hybridizations with nodulation probes must take this 
factor into account.  Whether or not these hybridizations truly 
represent nodulation gene sequences is  now being investigated in the 
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laboratory.  
The identification and location of symbiotic genes in Rhizobium 
has involved transfer of plasmids,  harboring the genes for symbiosis,  
and hybridization analysis with known genes as molecular probes.  While 
these studies have contributed to the developing story of the 
plant-bacteria symbiosis,  the sequences surrounding these genes have 
been virtually ignored. Much of the reason for this has been a lack of 
genetic markers and mutagenesis methods.  Mutagenesis with the wide 
host  range transposon Tn5 has greatly improved genetic studies in many 
different Rhizobium strains (Meade et  al .  1982).  A major aspect of 
this study has been an examination of the sequences surrounding the 
symbiotic genes by using various DNA sequences as molecular probes.  To 
this end, the plasmid pRjaPRC193, from fast-growing R. japonicum 
strain PRC193, was extensively investigated in various hybridization 
assays.  The 350 Kb plasmid shows extensive relatedness with other 
fast-growing strains.  This includes not only other plasmids which 
contain symbiotic genes,  but also a fast-growing strain,  PRC194, which 
has many sequences homologous to pRjaPRC193 in i ts  chromosome. The 
endogenous plasmids in PRC194 show very l i t t le sequence relatedness to 
the probe pRjaPRC193. This indicates the fast-growing R. japonicum may 
have different DNA sequences represented in plasmids,  but s t i l l  retain 
the sequences of the symbiotic plasmid pRjaPRC193 in the chromosome or 
a plasmid. The plasmid pRjaPRC193 is  moderately homologous to total  
DNA isolated from slow-growing strains.  At least  some of this 
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relatedness is  due to conserved nif  gene sequences.  These 
hybridization results with pRjaPRC193 demonstrate the conservation of 
gene sequences,  including symbiotic and other unidentified genes,  
between the fast-growing R. japonicuro strains isolated from many 
diverse locations in the People 's  Republic of China.  The fact  such 
conservation exists suggests the sequences surrounding the known 
symbiosis genes may have direct  and indirect  roles in the symbiosis 
process.  
The evidence shown for the conservation of plasmid sequences in 
the slow-growing strains indicated a strong amount of sequence 
conservation.  Like the fast-growing R. japonicum strains examined, the 
slow-growing strains also were isolated from diverse geographical  and 
ecological  backgrounds.  Although no genes associated with symbiosis 
and location on plasmid DNA have been determined in the slow-growing 
strains,  i t  is  nonetheless interesting that  a high degree of plasmid 
DNA relatedness occurs between the strains.  The plasmid DNA 
hybridizations between plasmids isolated from both slow- and 
fast-growing R. japonicum strains showed very l imited homology. This 
suggests the two types of strains have dist inct  piasmid-borne DNA 
sequences.  
Since so much information was being accumulated about the plasmid 
pRjaPRC193, from fast-growing ^  japonicum strain PRC193, a  physical  
and genetic map of the plasmid seemed an important task.  The plasmid 
was digested with a variety of restriction enzymes to determine the 
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best choices for generating a physical  map; the enzymes Hindlll ,  Hpal,  
and Kpnl were chosen. Size and repeated sequences were two problems 
encountered in the mapping of the large plasmid. The size problem was 
challenged by the use of cosmid cloning. Inserts up to 28 Kb were 
observed in a broad host  range cosmid capable of replicating in both 
E. coli  and R. japonicum. Single and double digests helped determine 
many of the overlapping cosmid clones for the assembly of the map in 
Figure 9.  
The problem of repeated sequences greatly increased the 
difficulty of determining overlapping clones.  There are several  
reasons for this.  First ,  the common technique of 'chromosome walking' ,  
using a given clone as a hybridization probe, did not work well  due to 
extra bands which hybridized. A certain amount of information was 
gathered, and in many occurrences the choices presented by the 
hybridization assays were used to f i t  Hpal or Kpnl bands with the 
Hindlll  map. Suspected bands which might have f i t  with the Hindlll  
map, and did not hybridize,  provided valuable negative evidence.  
Another reason repeated sequences interfered with the mapping process 
is  the over abundance of hybridization in the Southern cross 
restriction mapping procedure.  Since over 15 sequences are repeated 
and distributed throughout the plasmid pRjaPRC193, as determined by 
the control  Hindlll  cross,  many hybridization signals developed and 
prevented extensive mapping of the plasmid in this manner.  However,  
the Southern cross did provide convincing evidence of repeated 
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sequences,  and furthermore,  the size of each repeated sequence and the 
location of i ts  copy was identified.  
The third difficulty contributed by the repeated sequences is  
that  one does not know which of several  hybridizing bands represents a 
functional gene when a labeled gene probe hybridizes to homologous 
sequences in two or more map regions.  In this study, two sets of 
nitrogen fixation and nodulation gene sequences were assigned to 
different locations on the map. Since the strain performs both 
symbiosis duties,  at  least  one of each gene set  must be functional,  
al though i t  is  not known which region contains the viable sequences.  
I t  is  also possible both sets of genes are used by fast-growing R. 
japonicum. Therefore,  genetic studies,  perhaps involving transposon 
si te-directed mutagenesis (Ruvkun and Ausubel,  1981),  would have to be 
employed to solve this dilemma involving repeated sequences.  
As much of a problem as the repeated sequences caused, their  
presence in the plasmid pRjaPRC193 did reveal a possible answer to an 
earl ier  question.  Again,  why is  the plasmid in this strain,  and other 
related strains,  so large? At least  one possible explanation is  that  
recombination among similar sequences,  perhaps involving insertion 
sequences,  occurred over t ime in these strains.  A certain amount of 
conservation,  nitrogen fixation genes are a good example,  must have 
been maintained under some selective pressure and perhaps balanced the 
amount of recombination events.  
The bacterium Rhizobium japonicum is  a complex, intriguing member 
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of the group of Rhizobium which enter symbiosis relationships with 
plant legumes. Many interesting facets of the special  relationship R. 
japonicum has with the soybean plant will  be revealed in the very near 
future.  And true to i ts  nature,  the relationship will  prove to be 
unique and unusual.  
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